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Summary 
 
The design of nanocomposites consisting of functional metals and proper 
matrices is a very active field of research for the development of recyclable catalysts. 
Highly active metallic nanoparticles must be stabilized by a suitable support in order 
to prevent aggregation to bulk metal. Hectorite, a representative smectite clay featured 
by its unique swelling properties and flexible intercalation capacity, provides an ideal 
platform for immobilizing metal nanoparticles. 
By intercalating organometallic benzene ruthenium complexes or Werner-type 
ruthenium(III) ions from RuCl3 ∙ xH2O as precursor, ruthenium nanoparticles 
intercalated in hectorite are successfully obtained via a reduction process with 
molecular hydrogen approach or sodium borohydride. Depending on the properties of 
solvents and the reduction conditions, a variety of ruthenium nanoparticles with 
different morphology are formed. 
In the catalytic hydrogenation of quinoline, hectorite-intercalated ruthenium 
nanoparticles show excellent reactivity and selectivity to the specific product. By 
using water or cyclohexane as reaction medium under a certain pressure of molecular 
H2, 1,2,3,4-tetrahydroquinoline and decahydroquinoline were exclusively obtained, 
repectively. Furthermore, by using sodium borohydride as reducing agent, the 
catalytic hydrogenation of quinoline proceeds in water under atmospheric pressure 
with the conversion and selectivity superior to 99%. Isotope labeling experiments 
combined with semi-empirical calculations reveal that both the sodium borohydride 
and water participate in the hydrogenation process by means of hydride transfer and 
proton transfer, respectively. 
Furthermore, hectorite-intercalated ruthenium nanoparticles can also be used for 
the hydrogenation of aromatic amino acids in aqueous media. By screening of the 
influencing factors, the pH of the solution was found to be critical for the complete 
conversion of aromatic amino acids. Critically, during the hydrogenation process, the 
chirality of the substrates remains unchanged.
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1.1 Catalysis 
 
Catalysis is an important and fascinating subject. It has been employed in 
industrial chemical manufacturing for more than 100 years and holds its endless 
potential for diverse applications in chemistry world. In our modern society, more 
than 90% of the chemical processes in use throughout the world require catalysts [1]. 
From the food additives to pharmaceuticals as well as fuel, fabrics, dyes and many 
other fine chemicals, all these manufacturing processes involve catalysts. Global 
demand on catalysts was valued at US$33.5 billion in 2014 and would witness a 
stable and robust growth year by year [2]. 
A catalyst, a term stemming from Greek καταλύω (meaning ‘loosening down’), 
is generally defined as a substance that accelerates a chemical reaction without itself 
being consumed [3]. The concept of catalysis was initially introduced by the Scottish 
chemist Elizabeth Fulhame in 1794 [4] and the term catalysis was then coined by the 
Swedish chemist Jöns Jacob Berzelius in 1835 [5]. In 1894, a common definition of 
catalysis, “Catalysis is the acceleration of a chemical reaction, which proceeds slowly, 
by the presence of a foreign substance”, was formulated by the German chemist 
Wilhelm Ostwald (Nobel Prize 1909) [6]. Based on Ostwald’s theory, a catalyst 
accelerates (or inhibits) only the catalytic process, in contrast to the views of Joseph 
John Thomson (English physicist, Nobel Prize 1906), Henry Edward Armstrong 
(English chemist) and Christian Friedrich Schönbein (German chemist) according to 
which a catalyst could initiate a reaction. 
To let a chemical reaction occur, a minimum energy is required, which is called 
activation energy (Ea). To let a reaction proceed at a reasonable rate, the energy of 
reactants must be not lower than the activation energy, a high temperature being 
essential to overcome the energy barrier. Alternatively, a catalyst provides another 
path with a requirement of lower activation energy (Ea
*
) for carrying out a reaction. 
As depicted in Figure 1.1, the presence of a catalyst significantly reduces the 
activation energy for a reaction (Ea
*
), turning it energetically much more favorable. 
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Noticeably, in the cases of the absence and presence of a catalyst, the Gibbs free 
energy (ΔG) variations remain constant, which means the catalyst only changes the 
reaction kinetics rather than the thermodynamics (equilibrium constant). 
 
ΔG
Reaction progress
P
o
te
n
ti
al
 e
n
er
g
y
Ea
*
Ea
Reactants
Product
Without catalyst
With catalyst
 
 
Figure 1.1 Simplified potential energy diagram demonstrating the catalyst effect on a hypothetical 
exothermic reaction. Activation energy for a non-catalytic reaction (black curve) and catalytic 
reaction (gray curve) is Ea and Ea*, respectively. ΔG is the change in Gibbs free energy between 
the reactants and product. 
 
According to the diversity of the reaction systems, the catalysts can be cataloged 
as homogeneous catalysts and heterogeneous catalysts. Homogeneous catalysis is 
featured by a single phase reaction system, in which all the reactants and products are 
in the same phase as the catalyst. The representative advantages of homogeneous 
catalysis are commonly attributed to its excellent selectivity to products and milder 
reaction conditions, however, distressing drawbacks concerning product separation 
and catalyst recycling seriously limit its large scale application. Heterogeneous 
catalysis, by contrast, owning to the solid phase of the catalysts, possesses distinct 
characteristics of easy separation and recycling, being favorable for industrial 
application. 
 
Chapter 1 
 
4 
 
1.2 Heterogeneous catalytic hydrogenation 
 
Catalytic hydrogenation plays an important role in fine chemical synthesis. Its 
history can be traced back to the invention of Döbereiner’s lamp in 1823, when 
Johann Wolfgang Döbereiner (German chemist) found hydrogen flowing in the air 
bursts into flame in the presence of metallic platinum. The first hydrogenation process 
was discovered by the French chemist Paul Sabatier (Nobel Prize 1912) in 1897, 
named Sabatier process, which involves the hydrogenation of CO2 to produce CH4 at 
elevated temperature and pressure catalyzed by a nickel catalyst. In contrast to 
Sabatier’s assertions that only the vaporizable organic compounds can undergo 
catalytic hydrogenation, the German chemist Wilhelm Normann successfully trans-
formed liquid oleic acid into solid stearic acid with the aid of dispersed nickel as the 
hydrogenation catalyst. In the early 20
th
 century, the milestone in industrial chemistry 
was inaugurated by the German chemists Fritz Haber (Nobel Prize 1918) and Carl 
Bosch (Nobel Prize 1931) for their ingenious contribution to the Haber–Bosch 
process, which converts N2 to NH3 by hydrogenation with H2 using metal catalysts. 
Meanwhile, the famous Fischer–Tropsch process was subsequently developed by the 
German chemist Franz Fischer and the Czech-German chemist Hans Tropsch in 1925, 
in which the gaseous CO and H2 is transformed into liquid hydrocarbons with the aid 
of transition metals as catalysts [7]. In general, the hydrogenation process refers to the 
addition of hydrogen to unsaturated hydrocarbons, while hydrogenolysis (another type 
of hydrogenation) involves the cleavage of C–X bonds. In the catalytic reforming 
process of petroleum refineries, X usually represents an S, N or O atom. The first 
commercial reforming process was invented by American chemical engineer Vladimir 
Haensel in 1949, known as the Platforming process, in which the catalytic 
hydrodesulfurization is included to remove the sulfur compounds. 
A large proportion of heterogeneous catalytic hydrogenation involves the use of 
molecular hydrogen. Commonly, the hydrogen is added onto the unsaturated bonds of 
the organic compounds via a π-bond in hydrogenation process, however, the hydrogen 
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is added via a σ-bond in the hydrogenolysis process. In the catalytic hydrogenation of 
carbon-carbon bonds over metal catalysts, the Horiuti-Polanyi mechanism [8] is 
widely regarded as the classical mode of action. An illustration of the Horiuti-Polanyi 
mechanism is depicted in Scheme 1.1. The unsaturated molecule is adsorbed on the 
surface atoms of the metal catalyst across π-bond, which ruptures to generate two 
σ-bonds at the initial state. Meanwhile, the molecular hydrogen is dissociatively 
adsorbed on the surface of the metal and splits into surface hydrogen, which is 
assumed to scoot around the tops of metal surface atoms [9]. Consequently, the first 
surface hydrogen bonds to one of the unsaturated carbon atoms with a simultaneous 
breakage of the same carbon atom from metal surface, called half-hydrogenated state. 
All these steps are reversible, which may account for the observed hydrogen exchange 
between unsaturated reactant and hydrogen. Nevertheless, at the final hydrogenated 
state, the second surface hydrogen irreversibly bonds on the second carbon atom to 
produce saturated product, followed by a desorption of product from metal surface. 
 
 
Scheme 1.1 Illustration of the steps in the hydrogenation of C=C double bond on the surface of a 
metal catalyst (Pt or Ni). The adsorption of reactant on the metal surface is assigned as the initial 
state, and the addition of hydrogen to the adsorbed carbon atoms involves the half-hydrogenated 
and final hydrogenated states. The surface hydrogen from the dissociative adsorption of molecular 
hydrogen (H*) is assumed to be exchangeable with the one from the adsorbed reactant. 
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Heterogeneous catalysts can be divided into supported catalysts and unsupported 
catalysts. The active species include metals, alloys, oxides, sulfides, nitrides, carbides, 
or mixtures of these [3]. To fulfill the multiple requirements for the hydrogenation of 
each functional group, supported catalysts exhibit distinct advantages such as high 
dispersion of metal particles over supports, tenacious resistance against sintering 
under harsh conditions and poisoning, ease separation and recovery [10]. To date, 
there is evidence for interactions between the active phase and the support [11‒17], 
and the research on this issue is continuously growing. The common materials used as 
support can be SiO2, TiO2, MgO, γ-Al2O3, carbon, clays and zeolites et al. [10, 18, 19]. 
By tuning the morphology of the support, the nanoparticle functionality (catalytic 
property) can possibly be tailored toward a specific application [20]. 
 
1.3 Supported ruthenium nanoparticles 
 
The use of Group VIII metals for catalytic hydrogenations has been unveiled in 
1925, when Fischer and Tropsch found that the catalytic reactivity of a series of 
transition metals for the synthesis of methane from CO and H2 declines by the order: 
Ru > Ir > Rh > Os > Pt > Pd [7]. To date, ruthenium catalysts have been proved to be 
of practical importance in hydrogenation reactions, such as ammonia synthesis 
[21‒23], carbon dioxide methanation [24‒27], and hydrogen peroxide synthesis [28]. 
Besides, a proper support is deeply credited not only for varying the morphology of 
the metal nanoparticles and further catalytic properties, but also for the addition of 
support-metal interaction, hydrogen spillover effect, acidity/basicity and sometimes 
the shape selectivity effects, which are important for practical use. 
 
1.3.1 Ruthenium supported by carbon 
 
Carbon materials have been regarded as a kind of ideal supports (or catalyst) due 
to its large specific surface area, abundant porosity, excellent stability and rich source 
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[29‒31]. More and more carbon-supported metal catalysts have been and will be 
discovered for specific reactions. Ruthenium nanoparticles supported by a variety of 
carbon materials (carbon powder, carbon nanofibers, carbon nanotubes and carbon 
spheres) for the catalytic hydrogenations are summarized in Figure 1.2. High 
dispersion and narrow size distribution of ruthenium nanoparticles account for their 
excellent reactivity and selectivity in the hydrogenation of C=O bond [32, 33], C=C 
bond [34], N=O bond [35, 36] and C=N bond [37]. Recently, functionalized carbon 
was shown not only to serve as the catalyst support but to function itself as metal-free 
catalyst [38, 39]. 
 
(a)
(b)
(c)
(d)
(e)
(f)
 
 
Figure 1.2 Ruthenium nanoparticles supported by various carbon materials for the hydrogenations: 
(a) Ru supported by carbon for the hydrogenation of hydroxymethylfurfural to dimethylfuran [32]; 
(b) Ru supported by carbon for the hydrogenation of lactic acid to 1,2-propanediol [33]; (c) Ru 
supported by carbon nanofiber for the hydrogenation of cinnamaldehyde to hydrocinnamaldehyde 
[34]; (d) Ru supported by carbon nanotubes for the hydrogenation of p-chloronitrobenzene to 
p-chloroaniline [35]; (e) Ru supported by carbon nanotubes for the hydrogenation of nitrobenzene 
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to cyclohexylamine [36]; (f) Ru supported by glucose-derived carbon spheres for the hydrogena-
tion of quinoline to decahydroquinoline [37]. [34]; (d) Ru supported by carbon nanotubes for the 
hydrogenation of p-chloronitrobenzene to p-chloroaniline [35]; (e) Ru supported by carbon 
nanotubes for the hydrogenation of nitrobenzene to cyclohexylamine [36]; (f) Ru supported by 
glucose-derived carbon spheres for the hydrogenation of quinoline to decahydroquinoline [37]. 
 
1.3.2 Ruthenium supported by oxides 
 
Solid metal oxides and nonmetal oxides are extensively used as supports for a 
variety of catalysts. Besides the aspects of economics and mechanical strength, the 
metal-support interaction plays an important role in governing the properties of the 
catalysts [3, 40]. For the CO hydrogenation process, Ru/γ-Al2O3 shows much better 
reactivity than Ru/SiO2, which was attributed to the strong metal-support interaction 
[41]. The migration of O atoms from the alumina lattice to ruthenium clusters causes 
the partial oxidation of ruthenium [41, 42], which may favor the hydrogen spillover 
effect [41, 43]. With respect to strong metal-support interaction usually possessing 
reductive or suppressive effect on the catalytic activities [40, 44], an electronic 
metal-support interaction is reputed as a beneficial factor for enhancing the catalytic 
activities [44, 45]. Density functional theory (DFT) calculation on the metal-support 
interaction between Ru clusters and the TiO2 surface revealed that electrons transfer 
from the Ru clusters to the TiO2 support via the Ru−O bond, which is responsible for 
the enhanced catalytic activity of Ru clusters [46]. 
Alkaline earth metal oxides are rich in basic surface oxygen sites, which bear a 
function as strongly basic sites. For instance, magnesia as a basic catalyst has shown 
unique properties for several organic reactions [47, 48]. In the selective hydrogenation 
of quinoline catalyzed by ruthenium nanoparticles supported on magnesia, a 
combined mechanism of dual-site and dual-pathway was demonstrated by R. A. 
Sánchez-Delgado et al. [49]. As illustrated in Figure 1.3, during the hydrogenation 
process, a heterolytic H2 cleavage into H
+
 and H
−
 occurs over Mg
2+−O2− pairs on the 
MgO surface (site A), while a homolytic H2 splitting takes place over Mg atoms (site 
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B) [49, 50]. The N-heterocyclic and carbocyclic rings of quinoline were assumed to 
be hydrogenated, respectively, at sites A via an ionic route to produce 
1,2,3,4-tetrahydroquinoline, and sites B via homolytic H2 splitting to form 5,6,7,8-
tetrahydroquinoline [49]. 
 
 
 
Figure 1.3 Illustration of the proposed dual-site structure on Ru/MgO catalyst. A heterolytic H2 
dissociation into H
+
 and H
−
 occurs over Mg
2+−O2− pairs on the MgO surface (site A) while a 
homolytic H2 splitting takes place over Mg atoms (site B) [49, 50]. 
 
Zeolites are microporous crystalline aluminosilicates with three dimensional 
channels. Benefiting from their complex porous channels and flexible pore diameters, 
zeolites are widely used in separation systems including ion exchange and adsorption 
[51]. In fact, zeolites in their protonated form constitute a series of important 
industrial catalysts, the key point of which is their acidity [52−55]. Considering the 
structural features and acidic properties, zeolite-supported metal catalysts have been 
extensively explored for a variety of reactions [56, 57]. Ruthenium nanoclusters 
embedded in FAU-type zeolite were highlighted by their superior reactivity and stabi-
lity in the catalytic hydrogenation of neat benzene and methyl substituted aromatics 
[58]. The cavities of zeolite greatly enhance the stability of ruthenium nanoclusters 
from agglomeration, giving rise to the observed resistance against lose in activity and 
catalytic lifetime [58]. Apart from the constraint effect of the zeolite, the acidity plays 
an important role in affecting the intrinsic activity of the zeolite supported catalysts in 
catalytic reactions. Ruthenium nanoparticles supported by zeolite Y were found to 
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catalyze the hydrogenation of xylose to xylitol, the weak acid sites of high silica HY 
directing the high selectivity to the targeted product [59]. The same effect was also 
observed in the hydrogenation of D-glucose to D-sorbitol [60] and of levulinic acid to 
pentanoic acid [61] over ruthenium nanoparticles supported by HY zeolite. Further-
more, hierarchical micro-mesoporous zeolite, known as a shape-selective catalyst in 
fluid catalytic cracking process [62], makes full use of these advantages to reach a 
diverse function. In the Fischer-Tropsch process, mesoporous zeolite-supported 
ruthenium nanoparticles show superior selectivity to C5−C11 hydrocarbons as 
compared to microporous zeolite support; the interpretation involves generated 
mesopores and weak acidity of zeolite with suppressing effects on the consecutive 
cracking [63, 64]. 
 
1.3.3 Ruthenium supported by polymers 
 
Polymers with various functional groups are widely used as supports for organic 
catalysts and for metallic nanoparticles [65−68]. As it is well known, polar ligands 
growing in the polymer strongly stabilize metallic nanoparticles and suppress the 
growth of nanoparticles. Ruthenium nanoparticles supported by poly(styrene-co-
divinylbenzene)amine functionalized polymer have an average particle size of 2.5 nm 
with a homogeneous distribution [69]. This catalyst is highly active for the hydroge-
nation of xylose to xylitol [69]. By contrast, a dimethylacrylamide potassium 
1-methacryloyl ethylene 2-sulphonate-methylene bis(acrylamide) resin (M4KR4) [70] 
and a hydroxylterminated poly(amidoamine) (PAMAM-OH) dendrimer [71] as hydro-
philic supports for ruthenium nanoparticles show a better reactivity than hydrophobic 
supports for the hydrogenation of benzene and 4-nitrophenol in water. Furthermore, a 
water-compatible three-dimensional β-cyclodextrin polymer crosslinked with citric 
acid (poly(CTR-β-CD)) as support for ruthenium nanoparticles additionally constructs 
individual globular chambers as “microreactors” for the catalytic hydrogenation of 
biomass-derived furanic compounds [72]. As illustrated in Figure 1.4, β-cyclodextrin 
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is a torus-shaped cyclic oligosaccharide consisted of seven α-D-glucopyranose units 
to form a regular cavity. The fabrication of cyclodextrin polymers across the hydroxyl 
groups develops interconnected nanoporosity, in which the hydrogenation proceeds 
[72]. 
 
 
  
 
Figure 1.4 Illustration of the two-dimensional structure of the poly(CTR-β-CD) polymer [72]. 
 
Despite all the features of the polymers mentioned above, poly(4-vinylpyridine) 
(PVPy) acts not only as polar ligands for immobilizing the nanoparticles, but as active 
sites for splitting the molecular hydrogen in the hydrogenation reactions [73]. As 
depicted in Figure 1.5, the selective hydrogenation of quinoline catalyzed by 
ruthenium nanoparticles supported on poly(4-vinylpyridine) is thought to proceed 
with dual-path and dual-sites mechanism, similar to that with Ru/MgO as catalyst [49]. 
A heterolytic H2 splitting into H
+
 and H
−
 between support and ruthenium nano-
particles, followed by ionic hydrogenation of the polar N-heteroaromatic (path a) at 
Type A sites, while at Type B sites a homolytic hydrogen splitting (path b) is involved 
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for the hydrogenation of non-polar aromatics [73]. 
 
 
 
 
Figure 1.5 Schematic demonstration of the mechanism involved in the hydrogenation of quinoline 
catalyzed by ruthenium nanoparticles supported on poly(4-vinylpyridine) [73]. 
 
1.3.4 Ruthenium supported by clays 
 
Clay minerals are a class of natural abundant materials with diverse porosity. 
They have been explored for adsorbents, catalysts, and catalyst supports through 
decades [74, 75]. There are several reviews summarizing the applications of clay-
supported catalysts in fine chemical synthesis [76–79]. Smectites, as a representative 
class of minerals, are well-known for their swelling interlayers, the changeable inter-
laminar distance making it a unique platform for the intercalation of metal ions and 
metal nanoparticles [80]. The most studied smectite clays are montmorillonite and 
hectorite. In the catalytic hydrogenation process, Pt [81], Rh [82], and Ni [83] nano-
particles supported on montmorillonite have been proven to be highly efficient. 
Mesoporous montmorillonite, post-modified by hydrochloric acid, is suggested to be 
an improved support for ruthenium nanoparticles, showing a high reactivity in the 
transfer hydrogenation of substituted nitrobenzenes to the corresponding anilines [84]. 
Remarkably, ruthenium nanoparticle-intercalated montmorillonite is able to catalyzing 
the solvent-free alkene hydrogenation reaction with high reactivity and recyclability 
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[85]. Another supported Ru catalyst by using cetyltrimethylammonium bromide 
(CTAB)-modified montmorillonite as support exhibits high activity and selectivity in 
the hydrogenation of quinoline, the modification being responsible for the robust 
stability of ruthenium nanoparticles [86]. Hectorite has also shown its potential to be a 
promising support for metal catalysts. Ruthenium nanoparticles intercalated in 
hectorite bear a superior activity and selectivity in the selective hydrogenation of 
benzene [87, 88], toluene [88], alkylsubstituted benzenes [89], furfuryl alcohol [90] 
and α,β-unsaturated ketones to their corresponding saturated products [91]. 
 
1.4 Scope and outline 
 
The aim of this thesis is to achieve a controlled synthesis of ruthenium 
nanoparticles intercalated in hectorite, and to explore their potential as a promising 
hydrogenation catalyst. Through the optimization over each kind of hydrogenation 
reactions, the knowledge of the mechanistic understanding is to be enhanced. 
This thesis is mainly organized in six chapters. In this chapter, the history and the 
basic concepts of catalysis are briefly introduced. Specifically, an overview of hetero-
geneous catalytic hydrogenation is given including the general mechanism of 
hydrogenation over metal catalysts. Supported ruthenium nanoparticles as catalyst in 
the hydrogenation are summarized with a kernel on the importance of support. The 
most common materials used as support, from the organic compounds to inorganic 
compounds, are concisely discussed, involving the influence of support on the 
physical and chemical properties of the ruthenium nanoparticles and on the product 
distribution. 
Chapter 2 describes the synthesis and characterization of the ruthenium nano-
particles intercalated in hectorite. The synthetic methods deal with an introduction of 
organometallic ruthenium complexes and of ruthenium cations into hectorite. The 
ruthenium catalysts (or precursors) are characterized with various spectroscopic 
techniques. Chapter 3 describes the catalytic performance of hectorite-supported 
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ruthenium nanoparticles for the hydrogenation of quinoline. The effect of reaction 
parameters are discussed and optimized. The role of the solvents, the interpretation of 
the observed product distribution, and the recyclability of the catalyst are thoroughly 
discussed. Chapter 4 involves the hydrogenation of quinoline with NaBH4 catalyzed 
by hectorite-supported ruthenium catalyst in water. With optimized conditions, the 
scope of a variety of substrates is determined. The role of the water in the transfer 
hydrogenation is also discussed. Isotope labelling experiments combined with 
semi-empirical calculations of the electrostatic potentials are employed to go insight 
into the reaction pathway. The recyclability of the catalyst is also mentioned. Chapter 
5 studies the catalytic properties of hectorite-supported ruthenium catalyst for the 
hydrogenation of aromatic amino acids. Aqueous media with varied pH value are 
employed to carry out the hydrogenation. The influence of the pH value is discussed 
as well as the catalyst recyclability. The overall conclusions and perspectives are 
addressed in Chapter 6, followed by the experimental part and supplementary 
information. 
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Preparation of ruthenium nanoparticles intercalated 
in hectorite 
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2.1 State of the art 
 
2.1.1 General description of hectorite materials 
 
Hectorite is a natural mineral featured by smectite structure [1]. Its name 
“hectorite” originates from a locality at Hector, CA, USA [2]. Pure hectorite often 
requires a synthetic method, since natural hectorite is often contaminated by bentonite 
minerals [1]. Synthetic sodium hectorite is a white solid presenting an idealized cell 
formula of Mg5.5Li0.5Si8O20(OH)4Na · n H2O. It has a three-layer sheet-like morpho-
logy resulted from the two dimensional condensation of silicic acids, two layers of 
SiO4 tetrahedra being bridged by a layer of MgO6 octahedra. Usually, a partial 
replacement of the Mg
2+
 cations in the octahedral layers by Li
+
 cations leads to an 
excess of anionic charges of the layers, which are compensated by Na
+
 cations in the 
interlaminar space (Figure 2.1). 
 
Na+(aq)
Na+(aq)
Tetrahedral sub-layer
Octahedral sub-layer
Oxygen
Hydroxyl
Magnesium, Lithium
Silicon
 
 
Figure 2.1 Schematic structural model of the synthetic sodium hectorite [4], showing the anionic 
three-layer sheets and the interlaminar space containing sodium cations. 
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The sodium-containing hectorite is specifically susceptible to swelling by water 
[3]. Hydration of the interlaminar Na
+
 cations forms [Na(H2O)n]
+
 with a certain 
osmotic pressure [3], which is responsible for the swelling of interlayers in hectorite 
when immersed in water, the interlaminar space being to be widened [4]. 
Noticeably, magnesium and lithium cations locate in the octahedral layer, i.e., the 
framework of hectorite, however, the sodium cations in the interlaminar space are not 
bound to the silicate framework. The free sodium cations afford ion-exchange sites for 
water soluble inorganic, organic or organometallic cations [5]. 
 
2.1.2 Intercalation of ruthenium in hectorite 
 
The preparation of highly dispersed metal nanoparticles on a support has 
attracted much attention [6‒8]. The introduction of metal ions as catalyst precursor to 
a support often relates to a synthetic methodology, which requires a proper 
transformation of the metal ions to an accessible form [9‒11]. The first successful 
intercalation of ruthenium in hectorite using [Ru(NH3)6]Cl3 as a catalyst precursor 
was reported by T. Uematsu et al. [12]. The synthesized precatalyst was reduced 
under a H2 atmosphere to obtain a Ru
0
/hectorite catalyst, which shows high selectivity 
for the hydrogenation of olefins [12]. G. Süss-Fink and his co-workers disclosed a 
synthetic method by using water-soluble organometallic cations such as 
[(C6H6)Ru(H2O)3]
2+
 as precursors for the catalyst preparation [13‒17]. The 
ruthenium(II)-containing hectorite precatalyst obtained was then reduced in a variety 
of solvents under different conditions, generating hectorite-intercalated ruthenium 
nanoparticles with mean particle size ranging from 3 nm to 20 nm [13‒17]. The thus 
synthesized catalyst shows excellent activity and selectivity in the hydrogenation of 
benzene [15], toluene [14], alkyl-substituted benzene [13], furfuryl alcohol [16] and 
α,β-unsaturated ketones [17]. 
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2.2 Results and discussion 
 
2.2.1 Ruthenium nanoparticles derived from benzene ruthenium complexes 
 
The dinuclear complex benzene ruthenium dichloride dimer was synthesized 
according to the procedure reported by T. Arthur and T. A. Stephenson [18]. The dis-
solution of the ruthenium dimer in water causes hydrolysis to give, with reversible 
substitution of chloro ligands by aqua ligands, a mixture of mononuclear benzene 
ruthenium complexes being in equilibrium [5], as depicted in Scheme 2.1. The 
1
H 
NMR signals of benzene in D2O solution are assigned to [(C6H6)RuCl2(H2O)] (δ = 
5.89 ppm), [(C6H6)RuCl(H2O)2]
+
 (δ = 5.97 ppm), and [(C6H6)Ru(H2O)3]
2+
 (δ = 6.06 
ppm) [5, 19]. The dicationic triaqua complex [(C6H6)Ru(H2O)3]
2+
, isolated as sulfate 
and fully characterized [20], is the main species in the hydrolytic mixture at pH = 8 
based on NMR results. 
 
 
 
Scheme 2.1 Hydrolysis of the dinuclear ruthenium complex [(C6H6)RuCl2]2 in H2O to produce a 
mixture of mononuclear benzene ruthenium complexes. 
 
The intercalation of ruthenium in hectorite is accomplished via ion exchange by 
mixing the white sodium hectorite with a solution derived from the hydrolysis of the 
dinuclear ruthenium complex [(C6H6)RuCl2]2 in H2O. As shown in Figure 2.2, the 
X-ray diffraction (XRD) patterns of the parent sodium hectorite and the obtained 
yellow ruthenium(II)-modified hectorite (Ru(II)@hectorite) differ in the d-spacing 
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(d001) of the interlayers, which are 13.4 Å and 14.6 Å, respectively. The swollen 
interlayer space refers to the interaction between the adsorbed ruthenium complexes 
and the intercalant in hectorite [3]. The thus-synthesized Ru(II)@hectorite is very 
stable in air and can be stored in an open system. 
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 Ru(II)-containing
         hectorite
d
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=13.4 Å
d
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= 14.6 Å
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Figure 2.2 XRD patterns of the sodium-containing hectorite and ruthenium(II)-containing 
hectorite in a scan range of 4‒18°. The calculated d-spacing (d001) of Na-hectorite and 
Ru(II)-containing hectorite are 13.4 Å and 14.6 Å, respectively. 
 
The precatalyst Ru(II)@hectorite suspended in an appropriate solvent can be 
reduced by molecular hydrogen to give an active nanoRu@hectorite catalyst as an 
air-sensitive black powder. The properties of the solvents are considered to be of great 
importance in tuning the morphology of the nanoparticles during the reduction 
process [22‒24]. As shown in Figure 2.3 [15], the ruthenium nanoparticles with a 
hexagonal morphology are obtained in water, the mean particles size being 34.2 nm in 
a wide distribution (σ = 7.4 nm). A mixture of water and methanol (1:1) as solvent can 
greatly reduce the mean particles size to 14.9 nm (σ = 1.4 nm) with retaining the 
hexagonal morphology. However, pure methanol alters the shape of the nanoparticles 
to spherical with a mean particle size of 7.1 nm (σ = 1.2 nm), which implies that water 
is essential for the formation of hexagons in hectorite [15]. By contrast, in organic 
solvents, the ruthenium nanoparticles are always more or less spherical, the mean 
particle sizes being below 10 nm (Figure 2.3, c, d, e, f). In general, organic solvents 
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are in favor of the formation of small nanoparticles. 
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Figure 2.3 TEM images of the hectorite-intercalated ruthenium nanoparticles reduced from ruthe-
nium(II)-containing hectorite precatalyst under a H2 pressure of 50 bar for 14 h in the solvents (a) 
water, (b) water/methanol (1:1), (c) methanol, (d) ethanol, (e) isopropanol and (f) 2-butanol [15]. 
The calculated mean particle size (dave) are 34.2 ± 7.4 nm, 14.9 ± 1.4 nm, 7.1 ± 1.2 nm, 9.3 ± 2.2 
nm, 4.5 ± 1.1 nm and 3.3 ± 0.6 nm, respectively. 
 
2.2.2 Ruthenium nanoparticles reduced from ruthenium(III) ions 
 
Instead of using organometallic ruthenium complexes as precursor, a more 
general method to prepare supported ruthenium nanoparticles is the immobilization of 
Werner-type ruthenium(III) ions from RuCl3 ∙ xH2O on the support and the subse-
quent reduction by NaBH4 or molecular H2. According to the practical requirements 
for certain reactions, a hectorite-supported ruthenium(III) precatalyst 
(Ru(III)@hectorite) is prepared by the impregnation method with RuCl3 ∙ xH2O in 
water. As illustrated in Figure 2.4, the interlayer spacing (d001) of the sodium hectorite 
and Ru(III)@hectorite are calculated from X-ray diffraction patterns to be 13.4 Å and 
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15.2 Å, respectively. The swollen interlayer distance is attributed to the presence of 
[Ru(H2O)6]
3+
 cations. 
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Figure 2.4 XRD patterns of the sodium hectorite and the ruthenium(III)-containing hectorite 
precatalyst (Ru(III)@hectorite), of which the interlayer spacing (d001) are 13.4 Å and 15.2 Å, 
respectively. The inset is the zoomed patterns in a scan range of 4–10°. 
 
The reduction of the ruthenium(III)-containing hectorite can be carried out in 
water under a H2 atmosphere at elevated temperature or by a reducing agent such as 
NaBH4. Figure 2.5 shows the characterization results involving the TEM and XRD 
analysis. The reaction of Ru(III)@hectorite with NaBH4 in water at room temperature 
yields the ruthenium nanoparticles that are clustered and thoroughly embedded in 
hectorite with a worm-like morphology, similar to that of the ruthenium nanoparticles 
intercalated in montmorillonite modified by cetyltrimethylammonium bromide 
(CTAB) [25]. The mean particle size is calculated to be 4.5 nm (σ = 1.7 nm), which 
accounts for the observed peak of Ru(011) in X-ray diffraction pattern. 
 
2.3 Conclusions 
 
With respect to the preparation methodology of ruthenium nanoparticles inter-
calated in hectorite, considerations involving the preparation of the catalyst precursor 
and the catalyst activation process are essential. Organometallic ruthenium complexes 
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and classical ionic ruthenium complexes can be successfully intercalated in hectorite 
via ion-exchange, resulting in stable catalyst precursors. All the samples were 
examined by X-ray diffraction. 
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Figure 2.5 TEM and XRD analysis of the hectorite supported ruthenium nanoparticles reduced by 
NaBH4 in water at room temperature for 4 h. The visible Ru(011) peak in XRD pattern proves the 
presence of ruthenium nanoparticles. The mean particles size is calculated to be 4.5±1.7 nm. 
 
Depending on the nature of solvent, the reducing agent and reduction conditions, 
ruthenium nanoparticles with a variety of shapes and sizes are produced. TEM images 
show that an organic solvent is in favor of generating small nanoparticles, however, 
the presence of water encourages the formation of hexagonal nanoparticles. Most 
conveniently, a ruthenium(III)-containing hectorite can be prepared by impregnation 
of sodium hectorite with an aqueous solution of RuCl3 ∙ xH2O. Reduced by NaBH4, 
ruthenium nanoparticles with a worm-like morphology intercalated in hectorite are 
obtained. The reactivity and selectivity of these ruthenium catalysts will be discussed 
in the following chapters. 
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Reactivity and selectivity of ruthenium 
nanoparticles intercalated in hectorite for the 
catalytic hydrogenation of quinoline 
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3.1 Introduction 
 
The hydrogenation of quinolone (Q) and its derivatives is a fascinating area of 
research, since the hydrogenation products have a variety of industrial applications 
ranging from the production of petrochemicals and fine chemicals to the development 
of heterocyclic skeletons for pharmaceuticals and agrochemicals [1–4]. The usual 
intermediates 1,2,3,4-tetrahydroquinoline (1,2,3,4-THQ) and 5,6,7,8-tetrahydro-
quinoline (5,6,7,8-THQ) are initially produced during the catalytic hydrogenation of 
Q, and can be adsorbed irreversibly at the surface of catalyst, thus hampering the 
further hydrogenation reaction towards decahydroquinoline (DHQ) [5]. Generally, an 
acidic media and drastic reaction conditions (> 200 °C, > 100 bar H2) are essential to 
obtain DHQ [5–9]. 
Homogeneous precious metal catalysts have been designed to partially 
hydrogenate the Q to 1,2,3,4-THQ, but most of these catalysts failed to give 
satisfactory results due to numerous complications associated with homogeneous 
catalysis [10–13]. Heterogeneous catalysts such as Au, Pd, Ni, Rh, Ru, Pt and Cu 
supported on TiO2, Al2O3, SiO2, coal, hydroxyapatite etc. have been developed in 
recent years. H. Okazaki et al. hydrogenated Q over Raney-nickel at 200 °C and over 
ruthenium on carbon at 150 °C and studied the rate constants without reporting the 
selectivities [14]. C. Bianchini et al. observed that ruthenium supported on SiO2 
catalyzes the hydrogenation of Q in n-octane at 100 °C and 30 bar H2 to give 
preferentially 1,2,3,4-THQ with a TOF of 185 h
-1
, while 5,6,7,8-THQ and DHQ are 
formed as side products (20 h
-1
 and 4 h
-1
, respectively) [15]. F. L. Eliel and F. W. 
Vierhapper reported the hydrogenation of Q catalyzed by PtO2 in strong acidic media 
to give preferentially 5,6,7,8-THQ (up to 84%) [16-17]. M. Campanati and 
co-workers used rhodium-containing catalysts to give selectively 1,2,3,4-THQ with 
low conversion at 100 °C, but at higher temperatures the selectivity is lost [5]. G. Y. 
Fan et al. reported the hydrogenation of Q over rhodium nanoparticles entrapped in 
aluminum oxy-hydroxide with DHQ selectivity up to 99.8% [18]. Y. Milkami et al. 
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reported the reversible hydrogenation of Q to produce 1,2,3,4-THQ at 150 °C using a 
titania supported copper catalyst [19]. Recently, Y. Cao and co-workers demonstrated 
that TiO2-supported gold nanoparticles selectively yields 1,2,3,4-THQ in toluene 
under mild reaction conditions (100%, 60 °C, 20 bar H2) [20]. K. Kaneda et al. 
developed a catalyst composed of palladium nanoparticles supported by 
hydroxyapatite, which gives 1,2,3,4-THQ under even milder conditions (98%, 50 °C, 
1 bar H2) [21]. F. Fache was the first to observe that the selectivity of Q 
hydrogenation can be switched from 1,2,3,4-THQ to DHQ by changing the reaction 
medium from methanol to hexafluoroisopropanol using an Rh/Al2O3 catalyst [22]. 
Y. P. Sun et al. obtained exclusively DHQ from Q at 150 °C and 40 bar H2 using 
a hydroxyapatite-supported ruthenium catalyst [23]. However, R. A. Sánchez-Delgado 
and co-workers reported that poly(4-vinylpyridine) supported ruthenium nanoparticles 
catalyze the hydrogenation of Q to give almost exclusively 1,2,3,4-THQ at 120 °C 
and a H2 pressure of 40 bar in toluene [24, 25]. Very recently, L. Zhou et al. reported 
ruthenium nanoparticles intercalated in CTAB-modified montmorillonite to give 
exclusively 1,2,3,4-THQ in methanol at 100 °C [26]. 
Previously it was shown in our group that ruthenium(0) nanoparticles inter-
calated in hectorite give a black solid material, nanoRu@hectorite, which is a highly 
efficient and reusable catalyst for the hydrogenation of benzene [27–29]. This catalyst 
showed remarkable selectivities for the hydrogenation of furfuryl alcohol [30] and for 
the hydrogenation of ,-unsaturated ketones [31]. In the current chapter, the catalyst 
nanoRu@hectorite is reported to show a switchable selectivity for the hydrogenation 
of Q. Depending on the reaction medium, the reaction gives either 1,2,3,4-THQ (> 
99%) or DHQ (> 99%). Of practical significance is the selective conversion of 
quinoline to 1,2,3,4-THQ under mild reaction conditions in the benign aqueous 
medium. This versatile heterogeneous catalyst may have potential applications in the 
broad field of pharmaceuticals and fine chemicals, where these structural motifs are 
commonly found in numerous biologically active natural products and 
pharmacologically relevant therapeutic agents [32]. 
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3.2 Results and discussion 
 
3.2.1 Characterization of the nanoRu@hectorite catalyst 
 
The nanoRu@hectorite catalyst was prepared from synthetic sodium hectorite 
and an aqueous solution of benzene ruthenium dichloride dimer containing the aqua 
complexes [(C6H6)RuCl2(H2O)], [(C6H6)RuCl(H2O)2]
+
 and [(C6H6)Ru(H2O)3]
2+
 in 
equilibrium [33] via ion exchange of the sodium cations against benzene ruthenium 
aqua cations in the interlaminar space. The yellow material obtained is an air-stable 
catalyst precursor that can be isolated and stored. This catalyst precursor was then 
reduced, suspended in the appropriate solvent, at elevated temperature by molecular 
hydrogen to give the active catalyst nanoRu@hectorite, an air-sensitive black powder. 
The ruthenium loading of nanoRu@hectorite was assumed to be 3.3 wt% [27], 
based upon the molar ratio of [(C6H6)RuCl2]2 consumed (corresponding to 75% of the 
experimentally determined cation exchange capacity [34]). The presence of metallic 
ruthenium was proven by its typical reflections in the X-ray diffraction pattern [31]. 
The specific surface area of nanoRu@hectorite was determined by low temperature 
nitrogen adsorption to be 207 m
2
/g, which is much higher than for the unmodified 
sodium hectorite (87 m
2
/g), and the pore size distribution in nanoRu@hectorite shows 
a maximum of 1.98 nm [33]. The size distribution of the ruthenium(0) nanoparticles 
in nanoRu@hectorite was studied by transmission electron microscopy (TEM) using 
the software ImageJ [35] for analysis, selected area electron diffraction (SAED) and 
energy-dispersive X-ray spectroscopy (EDS). 
The micrographs indicate the ruthenium(0) nanoparticles: At the edges of super-
imposed silicate layers the nanoparticles are visible, the lighter tone of which is typi-
cal for intercalated particles. The mean particle size and standard deviation (σ) were 
estimated from image analysis of more than 100 particles (Figure 3.1). It was reported 
earlier that ruthenium(0) nanoparticles intercalated in hectorite possess various shapes 
(hexagonal or spherical) and sizes (3–38 nm), depending on the reaction conditions 
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for the reduction process [30–32]. The nanoRu@hectorite catalysts prepared here 
have mean particle sizes of 10 nm (in water) and 3 nm (in cyclohexane) under a H2 
pressure of 50 bar at 100 °C for 14 h. 
 
 
 
(2) 
(1) 
 
Figure 3.1 Microscopic analysis of the nanoRu@hectorite catalysts, (1) reduced in water and (2) 
reduced in cyclohexane, by TEM, SAED and EDS techniques. The calculated mean particle size 
for (1) and (2) are 10 ± 5 nm and 3 ± 1.7 nm, respectively. 
 
3.2.2 Optimization of the reaction conditions 
 
The usual intermediates during the hydrogenation of Q to give DHQ are the 
1,2,3,4-THQ and 5,6,7,8-THQ, as depicted in Scheme 3.1. The optimized conditions 
including the proper employment of solvent, temperature, pressure, molar ratio of the 
reactants and reaction time, often distinctly alter the product distribution. There have 
been a number of studies probing the nature of solvent in the hydrogenation reactions 
[36–39]. Both mass transfer and chemical effects are considered to be involved in the 
heterogeneous system [39]. In the current study, polar and non-polar solvents were 
selected as probe to discern the optimal system, as summarized in Figure 3.2. 
Chapter 3 
 
36 
 
 
 
 
Scheme 3.1 The pathway of the hydrogenation of Q to give DHQ catalyzed by ruthenium 
nanoparticles intercalated in hectorite. The possible intermediates are 1,2,3,4-THQ and 5,6,7,8-
THQ, and the desired products are 1,2,3,4-THQ and DHQ. 
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Figure 3.2 Histograms of the relevance of Q conversion and product distribution with various 
solvents including water, methanol, ethanol, n-propanol, isopropanol, cyclohexane and DMF, 
under the same reaction conditions. 
 
Water, methanol, ethanol, n-propanol, isopropanol, cyclohexane and dimethyl-
formamide (DMF) were studied as reaction media for the hydrogenation of Q under 
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constant reaction conditions. In the case of water, ethanol or isopropanol as a solvent, 
the conversion of Q is superior to 95%; however, the selectivity to 1,2,3,4-THQ is 
superior to 95% for all the tested solvents except for cyclohexane. From the 
cost-efficient point of view, water is preponderant to all the others in the production of 
1,2,3,4-THQ, whereas cyclohexane as solvent can be used for a high selectivity to 
DHQ. Taking advantage of the various solvents for the hydrogenation of Q, different 
products can be obtained. 
In water as reaction medium, the reaction is very selective for 1,2,3,4-THQ 
(Table 3.1). At 100 °C and a hydrogen pressure of 30 bar, 1,2,3,4-THQ is obtained 
almost exclusively (selectivity > 99%) after 3 h. The initial turnover frequency is 330 
h
-1
, the mean turnover frequency 222 h
-1
. Some 5,6,7,8-THQ (< 1%) was detected by 
GC-MS analysis, but no traces of DHQ were observed. In a polar non-protic solvent 
such as DMF, the reaction gives, under the same conditions, 97.3% of 1,2,3,4-THQ 
and 2.7% of 5,6,7,8-THQ and no traces of DHQ, the conversion being only 44.9%. 
 
Table 3.1 
Hydrogenation of Q by nanoRu@hectorite in water. 
Entry
a
 t, h T, °C pH2, bar CQ, %
b
 
Selectivity, % 
1,2,3,4-THQ 5,6,7,8-THQ DHQ 
1 
1 90 30 14.5 > 99.9 - - 
2 90 30 36.9 98.6 1.4 - 
3 90 30 49.3 99.4 0.6 - 
2 
1 100 20 27.9 99.5 0.5 - 
2 100 20 54.2 99.1 0.9 - 
3 100 20 76.8 98.6 1.4 - 
3 
1 100 30 52.1 99.0 1.0 - 
2 100 30 87.5 97.8 2.2 - 
3 100 30 99.6 > 99.0 < 1.0 - 
a
 Molar ratio of substrate to metal being 665. 
b
 CQ being Q conversion. 
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Cyclohexane proved to be the best medium for the complete hydrogenation of 
quinoline. The selectivity of nanoRu@hectorite toward DHQ was found to be highly 
dependent on the hydrogen pressure (Table 3.2). At 100 °C in cyclohexane under a 
hydrogen pressure of 60 bar, complete conversion of quinoline to DHQ (selectivity > 
99%) was observed within 3 h. The initial turnover frequency is 694 h
-1
, while the 
mean turnover frequency is 89 h
-1
. 
 
Table 3.2 
Hydrogenation of Q by nanoRu@hectorite in cyclohexane. 
Entry
a
 t, h pH2, bar CQ, %
b
 
Selectivity, % 
1,2,3,4-THQ 5,6,7,8-THQ DHQ 
 1 20 90.6 79.6 13.3 7.1 
1 2 20 100 57.9 13.7 28.4 
 3 20 100 42.7 11.3 45.9 
 1 30 100 67.9 19.8 12.3 
2 2 30 100 42.1 14.1 43.8 
 3 30 100 28.5 10.8 60.7 
 1 40 100 69.6 18.0 12.4 
3 2 40 100 37.3 12.2 50.5 
 3 40 100 20.9 8.9 70.2 
 1 50 100 51.4 14.2 34.4 
4 2 50 100 24.2 7.1 68.7 
 3 50 100 3.1 3.2 93.7 
 1 60 100 30.9 11.2 57.9 
5 2 60 100 2.5 2.0 95.5 
 3 60 100 0 0 > 99.9 
a
 Molar ratio of substrate to metal being 266, reaction temperature 100 °C. 
b
 CQ being Q conversion. 
 
Surprisingly, 5,6,7,8-THQ is observed in relatively high amounts during the 
hydrogenation of quinoline catalyzed by nanoRu@hectorite in cyclohexane (Table 
3.2). The 1,2,3,4-THQ selectivity is highly dependent on hydrogen pressure. The 
highest yields of 5,6,7,8-THQ are observed under a hydrogen pressure of 30 bar at 
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100 °C (up to 19.8% within 1 h), then a steady decrease in the 5,6,7,8-THQ selectivity 
is accompanied with increasing H2 pressure. 
 
3.2.3 Mechanistic considerations 
 
It has been speculated for many years that the high electron density of an 
aromatic  cloud can act as hydrogen bond acceptor [40–43]. Suzuki et al. observed a 
clear manifestation of hydrogen bond formation with -electrons in 1:1 clusters of 
benzene with water [43]. Based on this assumption, the high 1,2,3,4-THQ selectivity 
is probably due to H-bond formation between water molecules and the -electrons in 
the benzene ring of Q, which hampers the adsorption of aromatic ring on the catalyst 
surface. The nitrogen atom would be likely to coordinate to the ruthenium surface and 
would thus receive the hydrogen atoms already present at the surface of the 
nanoparticles, thus yielding 1,2,3,4-THQ almost exclusively (Figure 3.3). In accor-
dance with this hypothesis, the IR spectrum of nanoRu@hectorite shows, after a 
catalytic run, an additional adsorption at 747 cm
-1
, which may be due to a 
ruthenium-nitrogen interaction (Figure 3.4). Hydrogen bonding between water and 
aromatic rings has also been rationalized by theoretical studies [44–47]. 
 
 
 
Figure 3.3 Hypothetical explanation for the hydrogenation of Q to 1,2,3,4-THQ in water. 
 
Interestingly, the DHQ selectivity is high in the non-polar medium cyclohexane, 
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along with the intermediary formation of 5,6,7,8-THQ. It is found that 
nanoRu@hectorite preferentially catalyzes the hydrogenation of the olefinic double 
bond in the ,-unsaturated ketones [31]. Recently, B. Chaudret and his co-workers 
demonstrated an unusual -coordination of phenyl moiety at the surface of ruthenium 
nanoparticles [48]. Thus, the surprising selectivity for the intermediary 5,6,7,8-THQ 
can be tentatively attributed to the vulnerability of the aromatic ring due to the 
absence of hydrogen bond with cyclohexane (Figure 3.5). The -electrons now favor 
the competitive adsorption of the aromatic ring with the heteroaromatic ring on the 
ruthenium surface, which results in around 20% of the selectivity to 5,6,7,8-THQ 
(pathway B). In this case, the IR spectra of nanoRu@hectorite catalysts show no 
additional adsorption after a catalytic run (Figure 3.4b). 
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Figure 3.4 Infrared spectra of the nanoRu@hectorite collected before and after the reaction in the 
system of (a) water as solvent and (b) cyclohexane as solvent. 
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It should be noted that the preferential adsorption of quinoline still occurs via the 
N-heterocycle (pathway A), as evidenced by the high amount of 1,2,3,4-THQ during 
the catalytic hydrogenation also in non-polar solvents (Table 3.2). Therefore, it can be 
assumed that even in cyclohexane this reaction predominantly proceeds through 
pathway A, and not through pathway B. 
 
 
 
Figure 3.5 Proposed reaction pathways for the hydrogenation of Q to DHQ in cyclohexane. 
 
3.2.4 Recyclability and reusability 
 
The nanoRu@hectorite catalyst cannot really be reused for further runs after a 
catalytic reaction with the same activity and selectivity. We examined the recyclability 
of the catalyst for four consecutive catalytic runs by separating the catalyst after each 
run and reactivating it under hydrogen pressure. As shown in Table 3.3, the recycled 
catalyst remains highly selective in water, giving exclusively 1,2,3,4-THQ, however, 
it loses rapidly its activity because of separation problems in aqueous media. On the 
other hand, in cyclohexane the recycled catalyst remains active with conversions over 
96%, but loses its selectivity for DHQ. 
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Table 3.3 
Reusability of nanoRu@hectorite catalysts in the hydrogenation of Q. 
Reuse after the 1
st
 run CQ, %
c
 
Selectivity, % 
1,2,3,4-THQ 5,6,7,8-THQ DHQ 
2
nd
 (in H2O)
a
 23 > 99.9 0 0 
3
rd 
(in H2O)
a
 13 > 99.9 0 0 
4
th
 (in H2O)
a
 4 > 99.9 0 0 
2
nd 
(in C6H12)
b
 97 50.4 2.3 47.4 
3
rd 
(in C6H12)
b
 97 83.9 2.4 13.7 
4
th 
(in C6H12)
b
 96 94.5 1.2 4.3 
a
 Reaction conditions: 30 bar H2, 100 °C, 5 h. 
b
 Reaction conditions: 60 bar H2, 100 °C, 5 h. 
c
 CQ being Q conversion. 
 
3.3 Conclusions 
 
In summary, the nanoRu@hectorite catalyst provides a mild and effective 
method for the catalytic hydrogenation of Q with switchable selectivity between 
1,2,3,4-THQ (> 99%) in water and DHQ (> 99%) in cyclohexane. The alternative 
intermediate 5,6,7,8-THQ, rarely observed in substantial concentrations so far, can be 
obtained in cyclohexane in yield up to 19.8% by stopping the reaction after 1 h. 
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Hydrogenation of N-heterocycles with NaBH4 and 
water catalyzed by ruthenium nanoparticles 
supported on hectorite 
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4.1 Introduction 
 
As mentioned in Chapter 3, the quinoline (Q) hydrogenation products have 
important industrial applications ranging from the production of petrochemicals and 
fine chemicals to the development of heterocyclic skeletons for pharmaceuticals and 
agrochemicals [1]. Synthetic methods to obtain 1,2,3,4-tetrahydroquinoline (1,2,3,4-
THQ) include catalytic cyclization [2–3], Beckman rearrangement [4] and the direct 
partial hydrogenation of Q. Among these methods, the N-cycle-selective 
hydrogenation of Q is the most interesting process because of its reasonable atom 
utilization efficiency. A general problem in the selective hydrogenation of 
N-heterocycles is, however, the possible and sometimes irreversible adsorption of the 
amine formed at the surface of the metal catalyst [5–6], thus blocking the catalytic 
sites. 
Precious metal complexes can be used for the catalytic hydrogenation of Q to 
1,2,3,4-THQ, but most of these catalysts failed to give satisfactory results due to 
numerous complications associated with homogeneous catalysis [7–9]. Heterogeneous 
metal catalysts such as gold [10], palladium [11–13], rhodium [14–15], and ruthenium 
[16–18], supported on titania, alumina, silica, coal, hydroxyapatite or polymers have 
also been developed for this reaction. In most cases, elevated temperature and 
pressure are essential to convert Q into 1,2,3,4-THQ, the selectivity being tuned by 
various organic solvents [19]. 
From the green chemistry point of view, water would be the most interesting 
solvent, because it is not only a green solvent in organic synthesis, but also plays a 
promoting role in enhancing the catalyst activity [20]. Only a few heterogeneous 
catalysts have been found active in the hydrogenation of Q in aqueous medium, such 
as ruthenium nanoparticles supported on silica spheres with an outer shell of 
microporous silica [21], palladium nanoparticles stabilized by black wattle tannin [22, 
23] and palladium nanoparticles supported by polymers [24]. 
In our previous work, a heterogeneous catalyst was developed by intercalation of 
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cationic benzene ruthenium complexes into hectorite, followed by reduction with 
molecular hydrogen to give a black solid containing metallic ruthenium nanoparticles 
intercalated in hectorite (nanoRu@hectorite) [25–27]. This material was found to 
catalyze the hydrogenation of Q with switchable selectivity, the reaction in water at 
60 °C and 30 bar H2 giving 1,2,3,4-THQ, conversion and selectivity being superior to 
99% [28]. However, high-pressure equipment is required for this reaction. 
Inspired by a recent paper by M. M. Dell’Anna on the hydrogenation of Q by 
sodium borohydride in water catalyzed by polymer-supported palladium nanoparticles 
[29], we modified our nanoRu@hectorite catalyst system, so that it also works with 
NaBH4 and H2O as the hydrogen source for the hydrogenation of Q. The simple 
intercalation of RuCl3  n H2O in hectorite gives a black precatalyst, which is stable in 
air and which catalyzes the selective hydrogenation of Q to 1,2,3,4-THQ with NaBH4 
in water under mild conditions in an open reaction vessel; no pressure equipment is 
required. The actual catalyst, metallic ruthenium nanoparticles intercalated in 
hectorite (nanoRuʹ@hectorite), can be recovered and reused. Here in the current 
chapter, the preparation of the precatalyst, the characterization of the catalyst and its 
performance for N-cycle hydrogenation of Q and quinoline derivatives including 
isoquinoline and quinoxalines are reported. 
 
4.2 Results and discussion 
 
4.2.1 Characterization of the nanoRuʹ@hectorite catalyst 
 
The nanoRu'@hectorite precatalyst is accessible from synthetic sodium hectorite 
and an aqueous solution of RuCl3  n H2O. The black material is obtained by ion 
exchange of the sodium cations against ruthenium(III) aqua cations in the interlaminar 
space. The d-spacing (d001) of the sodium hectorite and Ru(III)-containing hectorite 
are 13.4 Å and 15.2 Å, respectively (Figure 4.1). The enlarged interlaminar space can 
be attributed to the actual intercalation of ruthenium(III) aqua cations. The black 
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Ru(III)-containing catalyst precursor is stable in air and can be isolated and stored. 
When suspended in water, this precatalyst can be reduced by NaBH4 to give the active 
nanoRuʹ@hectorite catalyst, an air-sensitive black powder with a d-spacing of 13.6 Å, 
while the d-spacing of the in situ formed nanoRu'@hectorite catalyst after a catalytic 
run is 13.7 Å. The similar d-spacing for the sodium-containing hectorite and 
nanoRu'@hectorite suggests that the ruthenium nanoparticles are thoroughly 
embedded in the interlayers of the hectorite. Besides, a visible Ru(011) diffraction 
peak was observed only for the nanoRuʹ@hectorite reduced in pure water, suggesting 
a larger particle size compared to the in situ formed nanoRu'@hectorite in a water-
quinoline mixture. 
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Figure 4.1 Powder X-ray diffraction (XRD) patterns of the samples of (a) the sodium-containing 
hectorite powder, (b) the Ru(III)-containing hectorite (precatalyst), (c) the nanoRuʹ@hectorite 
reduced by NaBH4 at 60 °C for 4 h in water under atmospheric pressure without organic agent and 
(d) the in situ generated nanoRuʹ@hectorite after a fresh run for the catalytic hydrogenation of 
quinoline under atmospheric pressure at 60 °C for 4 h in water. The d001 of these samples are 
calculated to be 13.4 Å, 15.2 Å, 13.6 Å and 13.7 Å, respectively. The insets are the zoomed XRD 
patterns for clarity. 
 
The morphology of the metallic ruthenium nanoparticles imbedded in the 
hectorite interlayers of nanoRuʹ@hectorite was studied by transmission electron 
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microscopy (TEM). The reduction of transition metal salts by sodium borohydride is a 
common method for the preparation of metallic nanoparticles that allows a certain 
control of the morphology, important for activity and selectivity for catalytic 
applications [30]. The reaction medium (organic solvents or water) is also decisive for 
the morphology of the nanoparticles [27, 31, 32]. Figure 4.2 shows the TEM images 
of nanoRuʹ@hectorite obtained under different conditions: The ruthenium nano-
particles formed by sodium borohydride reduction of the precatalyst in pure water 
without a substrate being present is depicted in Figure 4.2a, while Figure 4.2b shows 
the in situ generated ruthenium nanoparticles obtained during a catalytic run in 
aqueous solution from the precatalyst and sodium borohydride in the presence of Q as 
the substrate. The recycled nanoRuʹ@hectorite catalyst after a second catalytic run for 
the hydrogenation of Q is depicted in Figure 4.2c. In all cases, ruthenium is present in 
the form of nanoparticles the size of which varies between 1 and 10 nm. In pure water, 
without an organic substrate being present, the ruthenium nanoparticles (mean size 
4.5 nm) agglomerate to give worm-like structures, a similar morphology to that 
observed for ruthenium nanoparticles supported on cetyltrimethylammonium bromide 
(CTAB) modified montmorillonite [17]. However, the in situ formed ruthenium 
nanoparticles in the presence of Q are smaller (mean size 2.4 nm) and agglomerate to 
spherical clusters of a diameter of 28.1 nm in average; this is also observed for the 
recycled nanoRuʹ@hectorite catalyst, where the ruthenium nanoparticles (mean size 
2.1 nm) are slightly smaller, while the spherical agglomerates (mean size 41.3 nm) are 
slightly larger. The observed particle size is consistent with that calculated from XRD 
analysis. 
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Figure 4.2 TEM images of the samples of (a) nanoRuʹ@hectorite from the reduction of the 
precatalyst by NaBH4 under atmospheric pressure at 60 °C for 4 h in water without organic agent, 
(b) the in situ generated nanoRuʹ@hectorite catalyst after a fresh run for the catalytic 
hydrogenation of Q under atmospheric pressure at 60 °C for 4 h in water and (c) the 
nanoRuʹ@hectorite catalyst after the first recycling run for the hydrogenation of Q under 
atmospheric pressure at 60 °C for 4 h in water. 
 
4.2.2 Catalytic hydrogenation of quinoline 
 
To optimize the reaction parameters, the hydrogenation of Q was studied by 
using different solvents and various amounts of NaBH4 in a flask under atmospheric 
pressure and also in an autoclave under self-generated pressure depending on the 
amount of NaBH4. In catalytic hydrogenation reactions, the solvent plays an 
important role in influencing the reaction rate and selectivity [19, 33, 34]. As shown 
in Table 4.1, several common organic solvents and H2O have been tested into the 
hydrogenation under different conditions. The best results were obtained only with 
H2O as solvent. Besides the difference in the nature of the solvents, the poor solubility 
of NaBH4 in aprotic polar solvent (such as THF) and the decomposition of NaBH4 in 
protic solvents, especially in methanol, can be considered to be the reason of the 
observed low reactivity. Moreover, H2O as a solvent has been frequently observed to 
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be a promoter in stimulating the hydrogenation rate [21, 24, 28]. In the present work, 
the selective hydrogenation of Q into 1,2,3,4-THQ was successfully conducted in H2O 
under atmospheric pressure in a flask (entry 7, Table 4.1), and under self-generated 
pressure in the autoclave (entry 12, Table 4,1). However, for the reaction in a flask, a 
higher amount of NaBH4 was necessary to attain complete conversion of Q. 
 
Table 4.1 
Hydrogenation of Q to 1,2,3,4-THQ with NaBH4 catalyzed by nanoRuʹ@hectorite. 
 
Entry Solvent
a
 Q/M
b
 H/Q
c
 T, °C p, bar t, h C, %
d
 S, %
e
 
1 MeOH 50 12 60 a.p.
f
 6 < 5 99 
2 EtOH 50 12 60 a.p.
f
 6 12 99 
3 THF 50 12 60 a.p.
f
 6 10 99 
4 H2O 50 8 40 a.p.
f
 20 56 99 
5 H2O 50 10 60 a.p.
f
 4 95 99 
6 H2O 50 12 40 a.p.
f
 4 60 99 
7 H2O 50 12 60 a.p.
f
 4 99 99 (95) 
8 H2O 90 8 60 a.p.
f
 20 81 99 
9 H2O 90 14 60 a.p.
f
 20 92 99 
10 H2O 90 20 60 a.p.
f
 20 98 99 
11
g
 H2O 50 8 40 5 5 85 99 
12
g
 H2O 50 8 60 9 3 99 99 
13 H2O no catalyst 12 60 a.p.
f
 9 51 99 
14
g
 H2O no catalyst 8 60 9 9 53 99 
a
 Solvent volume 5 ml. 
b 
Molar ratio of Q to ruthenium. The precatalyst was used unless stated 
otherwise. 
c
 Molar ratio of NaBH4 to Q. 
d
 Conversion of Q. 
e
 Selectivity for 1,2,3,4-THQ, the 
value in the parentheses being the isolated yield. 
f
 Atmospheric pressure. 
g
 Carried out in a 
pressure vessel, the corresponding pressure being the self-generated pressure.
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Throughout all the tests listed in Table 4.1, the hydrogenation of Q into 1,2,3,4-
THQ was complete under atmospheric pressure or under self-generated pressure of 
molecular H2, both the conversion and selectivity being up to 99%. In comparison 
with the Pd-pol catalyst [29], less NaBH4 (only an 8–12-fold molar excess) was 
required with nanoRuʹ@hectorite as catalyst. In the blank experiments without 
catalyst, the conversion was only 51–53%, indicating that the catalyst is essential for 
the quantitative conversion of Q. However, a higher amount of NaBH4 (20-fold molar 
excess) generates dihydroquinoline and azo compounds as by-products [29]. 
 
4.2.3 Catalytic N-cycle hydrogenation of quinoline derivatives and analogues 
 
Since nanoRuʹ@hectorite has been found active for the hydrogenation of Q, the 
optimized conditions were applied for the hydrogenation of quinoline derivatives and 
analogues. As depicted in the Table 4.2, several quinoline derivatives and analogues 
were successfully hydrogenated to the corresponding products shown. It should be 
noted that sometimes a small amount of an organic co-solvent (ethanol or 
dimethylformamide) was used to improve the solubility of the organic reagents. In 
entries 1–3 of Table 4.2, 8-methylquinoline and 6-methylquinoline were efficiently 
hydrogenated. Under atmospheric pressure, 6-methylquinoline was exclusively 
transformed into 6-methyl-1,2,3,4-tetrahydroquinoline; however, 8-methylquinoline 
was only partly hydrogenated to 8-methyl-1,2,3,4-tetraquinoline with a maximum 
conversion of 53% even after 24 h. This may be explained by the steric effect of the 
8-methyl substituent on the nucleophilic attack of the hydride to the C=N bond or by 
hyperconjugation [29, 35]. Interestingly, a self-generated pressure (3 bar H2) remark-
ably improved the hydrogenation of 8-methylquinoline, which was complete in 3 h 
even at room temperature (25 °C). For comparison, the Q hydrogenation was done 
under the same conditions as those for 8-methylquinoline, but only a low conversion 
was observed, suggesting that, under a certain pressure, the electron-donating 
8-methyl group is favorable for the hydride transfer to the N-cycle. Throughout all the 
Chapter 4 
 
55 
 
results for the hydrogenation of Q, 8-methylquinoline and 6-methylquinoline, it can 
be concluded that the electronic influence exerted by the substituents plays a crucial 
role in affecting the reactivity. A similar phenomenon was observed in the 
hydrogenation of 8-methylquinoline and 6-methylquinoline by a platinum oxide 
catalyst [36]. 
The catalytic hydrogenation of 2,6-dimethylquinoline did not work under 
atmospheric pressure, even in the presence of ethanol (1 mL) to dissolve the solid 
substrate. However, the hydrogenation of 2,6-dimethylquinoline to 2,6-dimethyl-
1,2,3,4-tetrahydroquinoline worked under self-generated pressure of 6 bar at 60 °C in 
the autoclave (entry 5, Table 4.2). The conversion reached 99% after 4 hours; however, 
the maximum selectivity to 2,6-dimethyl-1,2,3,4-tetrahydroquinoline was only 88%, 
the by-product being the C-cycle-hydrogenated quinoline. This may be attributed to 
the steric hindrance of the 2-methyl group [19, 24, 37]. Another challenging substrate 
is 8-hydroxyquinoline, for which there was no conversion under atmospheric pressure; 
the reaction only occurred in the autoclave at 60 °C (entry 7, Table 4.2). Isoquinoline 
and quinoxalines also underwent selective N-cycle hydrogenation (entry 8–10, Table 
4.2). 5-Chloro-8-quinolinol was successfully converted into 5-chloro-1,2,3,4-
tetrahydro-8-quinolinol (entry 12, Table 4.2). However, 2-phenyl-quinoline was 
hydrogenated to give 2-phenyl-5,6,7,8-tetrahydroquinoline, as seen from entry 13 in 
Table 4.2 (C-cycle hydrogenation). This result shows that blocking C(2) by a phenyl 
substituent encumbers the hydrogenation of the N-cycle, suggesting that the attack of 
the hydride occurs at this carbon atom. 
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Table 4.2 
Hydrogenation of N-heterocycles catalyzed by nanoRuꞌ@hectorite in aqueous medium. 
Entry
a
 Substrate Product H/Q
d
 T, °C p, bar
e
 t, h C, %
f
 S, %
g
 
1 
  
20 60 a.p. 24 53 99 
2 3 25 3 3 99 99 (96) 
3 
  
12 60 a.p. 4 99 99 (94) 
4 
  
20 60 a.p. 24 0 0 
5 6 60 6 4 99 88 (85) 
6
b
 
  
20 60 a.p. 24 0 0 
7
b
 8 60 9 3 98 99 (93) 
8 
  
12 60 a.p. 4 99 99 (95) 
9 
 
 
12 60 a.p. 4 99 99 (96) 
10 
 
 
12 60 a.p. 12 98 99 (96) 
11
c
 
  
12 60 a.p. 8 77 99 
12
c
 8 60 9 3 99 99 
13
b
 
  
8 60 9 4 97 98 
a
 5 mL H2O as solvent, the molar ratio of substrate to ruthenium being 50. The precatalyst was 
used. 
b
 Ethanol/H2O (1 mL / 4 mL) as solvent. 
c
 Dimethylformamide / H2O (1 mL / 4 mL) as 
solvent. 
d
 Molar ratio of NaBH4 to substrate. 
e
 The atmospheric pressure (a.p.) in the flask, and the 
self-generated pressure in the autoclave. 
f
 Conversion of the N-heterocycles. 
g
 Selectivity for the 
product shown, the value in the parentheses being the isolated yield. 
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4.2.4 Isotope labeling studies 
 
Sodium borohydride is a convenient reducing agent commonly used in organic 
synthesis for hydrogenation reactions. Although it undergoes rapid methanolysis with 
methanol to give molecular hydrogen, sodium hydroxide and trimethylborate, the 
hydrolysis in water is kinetically blocked, so that NaBH4 is inert in water and can be 
handled in aqueous solution [38]; however, it is susceptible to a slow H/D exchange in 
D2O under acidic conditions [39]. 
In order to find out if sodium borohydride is the single hydrogen source for the 
hydrogenation of the N-cycle in Q or if water is also involved, we carried out the 
catalytic reaction with NaBH4 in H2O, with NaBD4 in H2O, with NaBH4 in D2O and 
with NaBD4 in D2O and studied the deuteration of the product by NMR spectroscopy. 
The analysis is not easy, since the situation is complicated by a possible 
(acid-catalyzed) H/D exchange between the BH4
–
 anion and D2O (or the BD4
–
 anion 
and H2O) [39] and by the observed H/D exchange of the C-H and N-H functions in 
the product 1,2,3,4-THQ, even in the C-cycle. 
 
Table 4.3 
Assignment of 
13
C and 
1
H resonances of THQ in a CDCl3 obtained by HSQC and HMBC spectra. 
 
13
C (ppm) 
1
H (ppm) Assignment 
114.86 - 9 
129.58 7.00 5 
126.79 7.02 7 
121.49 - 10 
116.98 6.66 6 
114.25 6.52 8 
42.06 3.35 2 
27.06 2.82 4 
22.26 2.00 3 
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Figure 4.3 shows that a pure CH2 sample may be produced when no deuterium 
supplied to the reaction. A mixture of CH2 and CHD groups needs to be taken into 
account, as soon as 
2
H nuclei are involved in the reduction process, either as NaBD4 
or D2O, and when no protic hydrogen is supplied, only CHD groups are obtained. In 
the cases of NaBH4/D2O and NaBD4/H2O, when both CH2 and CHD are present, 
13
C{
1
H} and 
1
H line shapes as those shown in Figure 4.4a and 4.4b, are obtained. 
Only the C(2)H peaks are shown for clarity. With respect to these latter sites, and 
assuming influences to the chemical environments sensitive to only directly 
neighboring groups, four possible permutations with repetitions of environments need 
to be considered, i.e., C(2)H2-C(3)H2, C(2)H2-C(3)HD, C(2)HD-C(3)H2 and 
C(2)HD-C(3)HD, for both proton and carbon sites. The numerical fits of the 
experimental spectra of Figure 4a and 4b are performed assuming these four 
environments. Only 
1
J(
13
C-
2
H) and 
3
J(
1
H-
1
H) couplings are considered. 
These two CH2 or CHD environments can be revealed in a 
1
H spectrum by 
monitoring the integral values of the relevant resonances, with pure CH2 samples 
resulting in twice the integral values as compared to pure CHD samples. Moreover, 
the monitoring of these signal intensities for all different sites may cast light on the 
mechanism of the reaction itself and on the presence of preferred sites of reduction 
within the Q molecule. For instance, in the case of NaBD4/H2O assuming a 
nucleophilic attack of a D
–
 anion to C(2), the atom with the lowest electron density, 
followed by H
+
 attack on the electron-rich nitrogen atom, one should expect the 
presence of an NH signal and a C(2)HD of equal intensities in the 
1
H NMR spectrum. 
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Figure 4.3 Overlay of the aliphatic regions of phase-sensitive multiplicity-edited 
1
H-
13
C HSQC 
spectra of the four samples considered. Red negative correlations indicate CH2 whereas blue 
positive correlations indicate CHD groups. The spectra are vertically displaced for clarity. 
 
 
 
 
Figure 4.4 (a) Numerical fit (red) of the C(2) region of a proton-decoupled 13C NMR spectrum 
(black) of THQ prepared with NaBH4/D2O. The singlets at higher frequencies represent two 
proton-decoupled CH2 groups, whereas two 1:1:1 triplets at lower frequencies represent CHD 
groups. (b) Numerical fit (red) of the H(2) region of a 
1
H spectrum (black) of the same sample of 
(a) assuming one CH2-CH2 as 1:2:1 triplet, one CH2-CHD as 1:1 doublet, one CHD-CH2 as 1:2:1 
triplet and one CHD-CHD as 1:1 doublet, from higher to lower frequencies, respectively, and in 
agreement with the order of carbon resonances observed in (a). Heteronuclear 
2,3
J(
1
H-
2
H) 
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couplings are not included in (b), as the resulting splittings (ca. 1–2 Hz) are smaller than the 
homogeneous/inhomogeneous line width and are implicitly taken into account as line broadening 
by the numerical fit. For both 
13
C and 
1
H spectra, a low-frequency shift is observed as 
2
H nuclei 
are progressively added. Numerical fits were performed with the DMfit software [40]. 
 
When integrals need to be measured accurately in NMR experiments, one has to 
make sure that signal averaging is done over experiments performed on fully relaxed 
systems. This is commonly accomplished by using a recycling delay d1 between 
signal acquisitions of d1 = 5 × T1. A subsequent measurement of the longitudinal 
relaxation time constant T1 was therefore performed on the four samples considered in 
this study by means of an inversion-recovery experiment. The resulting T1 values are 
shown, as histogram, in Figure 4.5. 
 
 
  
Figure 4.5 Longitudinal relaxation time constants T1 as measured on the four samples considered 
in this study with an inversion-recovery experiment. The error bars were calculated as ±σ, with σ 
being the standard deviation of the T1 values produced by the numerical fits performed on eight 
data points as produced by the experiment. 
 
It is clear that, as deuterium nuclei are progressively added in the system with the 
different reduction conditions, an increase of T1 values is observed as result of the 
consequent removal of proton-proton intramolecular homonuclear dipolar couplings 
which act as a source of relaxation. The longest T1 value for each case was used to 
estimate the appropriate recycling delay for 
1
H NMR spectra of the four samples 
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considered. In such a fashion, the integral values that obtained can be taken as an 
accurate measurement of the relative levels of deuteration at the various chemical 
sites within the THQ molecule. The corresponding results are shown in Figure 4.6 as 
histogram. The integrals were normalized to the value of the signal due to the 
overlapped H(5) and H(7) at 7.01 ppm. 
 
 
Figure 4.6 Integral values of the various proton resonances of THQ for the various samples 
considered. The normalization has been performed with respect to the overlapped signals of C(5) 
and C(7). The error bars were calculated as ±σ, with σ being the standard deviation of the values 
produced by five independent integrations. 
 
The catalytic quinoline reduction is quantitative, as one can clearly see for the 
NaBH4/H2O case, the measured integral values being 2 and 1 for aliphatic and 
aromatic protons, respectively, with deviations of only 1%. The NH integral in this 
case is 0.95. The 5% deviation from the ideal value of this site may be reasonably 
ascribed to the much larger line width as compared to all other resonances. When 
2
H 
nuclei are involved in the reduction process, one observes a clear decrease of the 
integrals for the sites 2, 3 and 4, with intensities 1 < I < 2, representing a mixture of 
CH2 and CHD containing species, an ideal and quantitative reduction with only 
deuterium nuclei would yield I = 1 for these sites. Similar results are obtained in the 
NaBH4/D2O and NaBD4/H2O cases. Interestingly, also the aromatic site 8 in the 
C-cycle undergoes a significant decrease in signal intensity, which clearly is the result 
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of a CH → CD exchange/substitution. As only 2H species are involved in the reaction 
for the NaBD4/D2O case, a further decrease in intensity is observed for all aliphatic 
sites, with I < 1, indicating that CD2 species appear in the sample as a result of a CHD 
→ CD2 process similar to that observed for site 8. Possible exchanges in sites 5 and 7 
cannot be monitored by this approach, since these resonances have been used as 
reference to calibrate all integral values. One may, however, assume that, if any 
exchange happens on these sites, it has to be very similar to that of site 6. As the 
integral of this latter seems to be substantially insensitive to the various experimental 
conditions explored in this study, we suggest that exchanges in sites 5, 6 and 7 may be 
ignored in this context. Therefore, the sites that appear to be particularly susceptible 
to reduction in the quinoline molecule are sites 2, 3, 4 and surprisingly also site 8, 
from higher to lower reactivity, respectively. 
Because of the complications by the known slow H/D exchange between the 
BH4ˉ anion and D2O (or the BD4ˉ anion and H2O) [38] and also by the observed H/D 
exchange of the C-H and N-H functions in the THQ molecule (even in the C-cycle), 
the data do not allow unambiguous mechanistic considerations. Nevertheless, it is 
obvious that, in the most meaningful cases NaBH4/D2O and NaBD4/H2O, all hydroge-
nated positions are partially deuterated, in the first case the degree of deuteration in 
C(2) is slightly lower than in the second case, but in the N(1) position this ratio is 
inversed (black arrows in Figure 4.6), and a similar trend is observed for the positions 
C(4) and C(3) (dashed arrows in Figure 4.6). 
In silico computations of molecular properties can be very useful for the 
rationalization of experimental data. In particular, semi-empirical methods have been 
used with success in a variety of structural studies [41–43]. In this context, 
calculations of the net atomic charges associated to each nuclear site within both Q 
and 1,2,3,4-THQ molecules were carried out at the PM7 semi-empirical level with the 
code MOPAC2012 and electrostatic potential surfaces were computed by means of 
the keyword ESP [44]. Furthermore, 1,2-dihydroquinoline (1,2-DHQ) was considered 
as a possible intermediate. The results are summarized in Figure 4.7, where the net 
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charges of Q, 1,2-DHQ and 1,2,3,4-THQ are shown from 4.7a to 4.7c, respectively. In 
Figure 4.7d–f, the corresponding electrostatic potential surfaces generated by these 
charges are illustrated. With respect to the Q molecule, the most positively charged 
carbon atom in the N-cycle is, as expected, C(2), suggesting an initial attack of 
hydride anions to this position. The preferred site for a subsequence proton attack is 
the nitrogen atom. A second hydride attack on the N-cycle finds C(4) as preferred site, 
given the lower net negative charge as compared to C(3). It is also worth noting that 
the most positively charged proton on the C-cycle is H(8). This is in agreement with 
the experimental observation that this proton is also exchanged/substituted by 
deuterium in the NaBD4/D2O case. 
 
 
  
Figure 4.7 Net atomic charges of the nuclear sites in Q, 1,2-DHQ and THQ molecules (a, b and c) 
along with the surfaces of the electrostatic potentials (d, e and f), plotted from –0.1 V (red) to +0.1 
V (blue). 
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The following conclusions are consistent with the data: i) Sodium borohydride is 
not the single hydrogen source and water is not an innocent solvent; the hydrogen for 
the hydrogenation of the N-cycle of the quinoline molecule comes from both NaBH4 
and H2O. ii) The hydrogenation seems to be accomplished by a transfer of a hydride 
(H
–
) from the borohydride anion and of a proton (H
+
) from the water molecule. iii) 
The hydride anion is more likely to attack at first the most electron-poor atom of the 
quinoline molecule C(2), while the proton is likely to attack then the most 
electron-rich atom of the quinoline molecule N(1). The following step of the 
reduction involves the attack of a H
–
 species on C(4), then followed by a H
+
 attack on 
C(3), in accordance with the analysis of the integral values of our isotope labeling 
study and with the net charges calculated for the different positions (Figure 4.7). This 
model is also in line with the observed C-cycle hydrogenation instead of the N-cycle 
hydrogenation in the case of 2-phenylquinoline, where the C(2) position is blocked by 
a phenyl substituent (entry 13, Table 4.2). 
 
4.2.5 Catalyst recyclability 
 
The recyclability of nanoRuʹ@hectorite was studied with the hydrogenation of Q 
to 1,2,3,4-THQ (entry 7, Table 4.1) as model. After a catalytic run, the catalyst was 
recovered by centrifugation and purified by washing with deionized H2O and ethyl 
acetate and dried in vacuo at room temperature for 12 h. Then the recycled catalyst 
was used directly in the next catalytic run without reactivation. As depicted in Figure 
4.8, the conversion of Q slightly declined from 99% to 95% after 4 cycles, but the 
conversion was maintained at 99%. TEM images (Figure 4.2) shows that the clusters 
of ruthenium nanoparticles retain their spherical shape and the size of the 
nanoparticles stays within a narrow size distribution of 1.5–3 nm. Ruthenium leaching 
during the catalytic reactions was found by ICP-OES analysis to be inferior to 2 ppm. 
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4.3 Conclusions 
 
In summary, we report a simple method for preparing a new hectorite-supported 
ruthenium precatalyst, which has an exceptional catalytic activity and selectivity for 
the hydrogenation of the N-cycle of quinolines and analogs by sodium borohydride in 
aqueous media, mostly without pressure equipment. Isotope labelling studies 
demonstrate the participation of water in the hydrogenation reaction by providing 
protons. Transition electron microscopy shows the catalyst to contain metallic 
ruthenium nanoparticles agglomerated to spherical clusters intercalated in the 
hectorite clay (nanoRuʹ@hectorite). The catalyst can be recycled and reused for 
further catalytic runs. 
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Figure 4.8 Reactivity and selectivity of nanoRuꞌ@hectorite catalyst in recycling tests for the 
hydrogenation of Q to 1,2,3,4-THQ in water under atmospheric pressure at 60 °C for 4 h. 
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5 
 
Chemoselective hydrogenation of aromatic amino 
acids catalyzed by ruthenium nanoparticles 
intercalated in hectorite 
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5.1 Introduction 
 
The design of nanocomposites consisting of functional metals and proper 
matrices is a very active field of research for the development of recyclable catalysts. 
Highly active metallic nanoparticles must be stabilized by a suitable support in order 
to prevent aggregation to bulk metal [1]. As mentioned in the previous chapters, 
hectorite is naturally occurring clay with smectite structure that possesses the features 
of cation exchange, intercalation and swelling properties [2]. The sodium cations in 
the interlaminar space are susceptible to ion exchange [2–4]. There have been a 
number of reports on the immobilization of transition metal particles or metal 
complexes by hectorite involving rhodium [5, 6] and platinum [7] for the catalytic 
hydrogenation of olefins and α,β-unsaturated aldehydes. Ruthenium-supported 
hectorite catalysts have been reported by Shimazu et al. using [Ru(NH3)6]
3+
 as 
precursor [8] and by our group using [(C6H6)Ru(H2O)3]
2+
 cations [9–14] or 
[(C6H6)4Ru4H4]
2+
 cations [15] as precursors for the intercalation. In particular, 
ruthenium nanoparticles (3–27 nm) intercalated in hectorite (nanoRu@hectorite) 
proved to be a highly active and selective catalyst for the hydrogenation of benzene 
[9–11], furfuryl alcohol [12], α,β-unsaturated ketones [13] and quinoline [14]. 
Unnatural amino acids are important structural motifs for peptides, peptide-
mimetics, synthetases and pharmaceuticals [16–18]. The synthesis of unnatural amino 
acids has received a tremendous impact from homogeneous [19–21], heterogeneous 
[22–28] and enzymatic catalysis [29–32]. Featured by high efficiency and 
enantioselectivity as well as by comparatively mild operating conditions, 
homogeneous catalysis and enzymatic catalysis show advantages as compared with 
their heterogeneous counterpart. However, considering the increasing demand of 
unnatural amino acids and the possibility of the contamination by the catalyst to the 
product in the separation section, a heterogeneous process for the manufacturing of 
these compounds would be more attractive. From this point of view, supported metal 
catalysts for the synthesis of optically pure unnatural amino acids have been 
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developed. 
A number of heterogeneous catalytic systems have been exploited to selectively 
convert phenyl rings into saturated cyclohexyl rings. Noble metals, such as Pd [22, 
33], Pt [23], Ru [24, 26] and Rh [25, 27, 28] supported on carbon or Al2O3, are the 
most widely studied catalysts. The solubility of the aromatic amino acids in water is 
low, but it can be improved in acidic or basic medium. Depending on the catalyst 
employed, the pH plays an important role in the hydrogenation of aromatic amino 
acids. For example, for the hydrogenation of (R)-phenylglycine, palladium on 
charcoal under basic conditions gave only phenylacetic acid [33], however, the 
expected (R)-cyclohexylglycine can be formed over Pd(OH)2 on charcoal in the pH 
range of 4.5 to 8.0 with 66% conversion and 84% e.e. [22]. To the best of our 
knowledge, a very limited number of supported catalysts have been reported to 
selectively hydrogenate phenyl-substituted amino acids into cyclohexyl-substituted 
amino acids with high e.e., such as Ru on carbon [24, 26], Rh on carbon [25] and Rh 
on Al2O3 [27]. Among these catalytic systems, only Rh on carbon seems to be 
recyclable. 
In this chapter, metallic ruthenium nanoparticles intercalated in hectorite 
(nanoRu@hectorite) are reported as a highly active and selective catalyst for the 
hydrogenation of aromatic amino acids in aqueous solution. The effect of the pH on 
the hydrogenation processes is thoroughly discussed. The recovery and reusability of 
the nanoRu@hectorite catalyst for further runs are investigated. 
 
5.2 Results and discussion 
 
5.2.1 Characterization of the nanoRu@hectorite catalyst 
 
The nanoRu@hectorite catalyst is prepared from the ruthenium(II)-containing 
hectorite precatalyst described in Chapter 2 and 3. The d-spacing (d001) of the sodium 
hectorite and Ru(II)-containing hectorite are 13.4 Å and 14.6 Å, respectively (Figure 
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2.2). The swelling layers distance refers to the interaction between the adsorbed 
ruthenium complexes and the intercalant in hectorite [2]. When suspended in the 
appropriate solvent, this precursor can be then reduced by molecular hydrogen to give 
the active nanoRu@hectorite catalyst, an air-sensitive black powder [10]. 
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Figure 5.1 XRD pattern of Ru(0) nanoparticles intercalated in hectorite (nanoRu@hectorite) 
obtained under a H2 pressure of 50 bar at 100 °C for 14 h in water (10 ml). 
 
The ruthenium loading of nanoRu@hectorite is assumed to be 3.2 wt% [9], 
based upon the molar ratio of [(C6H6)RuCl2]2 used (corresponding to 75% of the 
experimentally determined cation exchange capacity [34]) and the presence of the 
metallic ruthenium is evidenced by its typical reflections in the XRD pattern (Figure 
5.1). Calculated from the line broadening of Ru(011) X-ray reflection using the 
Scherrer equation, the crystal system being assumed hexagonal (Figure 5.2b), the 
crystallite size is approximately 15 nm. However, a typical TEM micrograph with a 
statistical diameter calculation (Figure 5.2a, 5.2d) results in a mean particle size (dave) 
of 24 nm and the standard deviation (σ) of 3.5 nm. The different diameters from XRD 
and TEM suggest that the ruthenium nanoparticles are partially polycrystalline, which 
is shown by selected area electron diffraction (SAED) pattern (Figure 5.2c). 
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Figure 5.2 (a) TEM micrograph (the scale bar 0.2 μm) of the dispersed ruthenium nanoparticles in 
hectorite. (b) The enlarged TEM micrograph (the scale bar 20 nm) for ruthenium nanoparticles 
clearly shows a hexagonal morphology. (c) A SAED pattern displays a series of bright rings 
relevant to the polycrystalline. (d) The size distribution of the ruthenium nanoparticles is presented 
in the histogram, the diameter ranging from 10 to 60 nm with a mean particle size of 24 ± 3.5 nm. 
 
5.2.2 Catalytic hydrogenation of amino acids 
 
The hydrogenation of chiral aromatic amino acids often requires mild conditions 
in order to avoid racemization. The protection of the benzylic C–N bond and 
carboxylic group is a common method to avoid the hydrogenolytic cleavage of C–N 
bond [27]. Water as a solvent allows the variation of the pH, which can be used to 
dissolve the tested amino acids, because in acidic or basic solution amino acids are 
present in cationic or anionic form. With nanoRu@hectorite as a heterogeneous 
catalyst, the hydrogenation of a series of aromatic amino acids can be catalyzed to 
produce the corresponding cyclohexyl-substituted amino acids. 
The solvents effect on the product selectivity in the catalytic reactions has been 
proven in a number of studies [35–38]. A series of solvents examined for the 
Chapter 5 
 
74 
 
hydrogenation of L-phenylalanine (LPA), as shown in Figure 5.3. The preliminary 
results indicate that water is so far the best reaction medium, in which the conversion 
of LPA reaches to 99%. A continuous optimization is required for the hydrogenation 
of amino acids in the aqueous reaction system. 
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Figure 5.3 The histograms of the correlation of solvents and LPA conversion under a constant H2 
pressure of 40 bar at 60 °C and 80 °C for methanol, water, THF, DMF and acetone. 
 
Since nanoRu@hectorite catalyst is prepared from the ruthenium(II)-containing 
hectorite precursor by hydrogen reduction in aqueous solution, the suspension of 
nanoRu@hectorite in water is slightly basic (pH = 9). Table 5.1 shows activity and 
selectivity of the catalyst for LPA hydrogenation under different reaction conditions. 
Under a H2 pressure of 40 bar with a low substrate to metal ratio (entry 1, Table 5.1), 
the catalytic hydrogenation of LPA to give L-cyclohexylalanine is complete in 120 h 
at room temperature without racemization, the selectivity being over 99%. With a 
higher substrate to metal mole ratio of 76, the conversion is only 52% under the same 
conditions, although the selectivity is still high (entry 2, Table 5.1), the main reason 
being that the aqueous solution at pH = 9 does not fully dissolve the substrate at room 
temperature. The solubility can be improved by higher temperature and the best 
conditions are 60 °C and 40 bar H2 with a substrate to metal mole ratio of 106, which 
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gives full conversion and high selectivity (entry 4, Table 5.1). A higher loading of 
substrate does not lead to full conversion even at higher temperature for 24 h (entry 6, 
7, Table 5.1). A blank experiment was carried out without a catalyst (entry 5, Table 
5.1), however, no conversion was observed, proving that nanoRu@hectorite is essen-
tial for the studied catalytic hydrogenation. 
 
Table 5.1 
Hydrogenation of LPA over nanoRu@hectorite in aqueous solution. 
 
Entry
a
 S/M
b
 T, °C pH2, bar t, h C, %
c
 S, %
d
 
1 38 20 40 120 > 99 > 99 
2 76 20 40 120 52 > 99 
3 106 60 30 24 96 > 99 
4 106 60 40 18 > 99 > 99 (92) 
5
e
 106 60 40 18 0 0 
6 114 90 40 24 64 > 99 
7 114 100 40 24 87 > 99 
a
 The catalysts being prepared under a H2 pressure of 50 bar at 100 °C for 14 h in 10 mL water 
(the same catalyst nanoRu@hectorite hereinafter, otherwise noted). 
b
 Substrate to metal mole ratio 
(hereinafter referred to as S/M, otherwise noted). 
c
 Conversion of LPA. 
d
 Selectivity for 
L-cyclohexylalanine, the value in parentheses being the isolated yield. 
e
 No catalyst in the system. 
 
We varied the pH of the aqueous solution from 1 to 14 by adding appropriate 
amount of acid (2N HCl or 1N H2SO4) or base (1N NaOH or KOH). As shown in 
Table 5.2, LPA can be hydrogenated exclusively to L-cyclohexylalanine in all cases 
(entry 3‒7, Table 5.2). Unlike Ru supported on carbon [24, 26] and Rh on Al2O3 [27], 
nanoRu@hectorite catalyzes the hydrogenation of LPA even under neutral aqueous 
solution, which offers a good opportunity for a scale-up production. 
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Table 5.2 
Hydrogenation of LPA over nanoRu@hectorite in water at different pH. 
Entry
a
 pH S/M T, °C pH2, bar t, h C
b
, % S
c
, % 
1 1
d
 114 100 40 24 60 > 99 
2 9 114 100 40 24 87 > 99 
3 1
d
 106 60 40 12 > 99 > 99 
4 4
d
 106 60 40 18 > 99 > 99 
5 7
d
 106 60 40 18 > 99 > 99 
6 9 106 60 40 18 > 99 > 99 (92) 
7 14
e
 106 60 40 12 > 99 > 99 
a
 The catalysts nanoRu@hectorite. 
b
 Conversion of LPA. 
c
 Selectivity for L-cyclohexylalanine, the 
value in parentheses being the isolated yield. 
d
 pH adjusted by adding 2N HCl or 1N H2SO4. 
e
 pH 
adjusted by adding 2N NaOH or 2N KOH. 
 
Table 5.3 
Hydrogenation of LPG over nanoRu@hectorite in water at different pH. 
 
Entry
a
 pH
b
 S/M T, °C pH2, bar t, h C
c
, % S
d
, % 
1 1 118 60 40 12 > 99 > 99 
2 9 118 60 40 48 89 > 99 
3 11 118 60 40 24 89 > 99 
4 13 118 60 40 24 90 > 99 
5 14 118 60 40 12 > 99 > 99 (94) 
a
 The catalysts nanoRu@hectorite. 
b
 pH adjusted by adding 2N NaOH (KOH), or 2N HCl (1N 
H2SO4). 
c
 Conversion of LPG. 
d
 Selectivity for L-cyclohexylglycine, the value in parentheses 
being the isolated yield. 
 
We also examined other aromatic amino acids containing aromatic substituents 
for the hydrogenation over nanoRu@hectorite in aqueous solution. It turned out that 
the reaction works well when the substrate contains an unsubstituted phenyl group as 
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in LPA. As shown in Table 5.3, L-phenylglycine (LPG) is successfully converted into 
L-cyclohexylglycine with more than 99% conversion and selectivity, either in very 
acidic (pH=1) or basic condition (pH=14). However, incomplete conversion of LPG 
was observed over a pH range from 2 to 13, the reason being the low solubility of 
LPG in a less acidic or basic solution. 
We also extended our study to L-tyrosine (LTR), which contains a hydroxyl 
group at the aromatic ring. Initially examined by Waser et al. [39], the hydrogenation 
of tyrosine under acidic conditions (1N HCl) produced a mixture of 
hexahydrotyrosine (10%) and β-cyclohexylalanine (90%) catalyzed by PtO2. The 
electrostatic stability of the hydroxyl-substituted phenyl group is higher than that of 
phenyl ring, since the hydroxyl function increases the electron density of the phenyl 
ring. Therefore, harsher conditions are required to activate the hydrogenation process. 
As shown in Table 5.4, with nanoRu@hectorite as catalyst, the conversion of LTR 
only proceeds under acidic and harsh conditions (100 °C, 50 bar H2, 24 h) to give a 
maximum conversion of 93% with a selectivity of 50%, the by-product being 
cyclohexylalanine. The selectivity for L-hexahydrotyrosine can be increased to 65% 
but at the expense of the conversion (76%) by lowing pressure and temperature. 
 
Table 5.4 
Hydrogenation of LTR over nanoRu@hectorite in water at different pH. 
 
Entry
a
 pH
b
 S/M T, °C pH2, bar t, h C
c
, % S
d
, % 
1 1 106 60 40 18 76 65 
2 1 78 100 50 24 93 50 
3 14 106 60 40 24 0 0 
4 14 106 100 50 24 0 0 
a
 The catalysts nanoRu@hectorite. 
b
 pH adjusted by adding 2N NaOH (KOH) or 2N HCl (1N 
H2SO4). 
c
 Conversion of LTR. 
d
 Selectivity for L-hexahydrotyrosine. 
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L-3-(octahydroindolyl)alanine is an important unusual amino acid in the 
synthesis of peptides. Therefore the catalytic hydrogenation of L-tryptophan (LTP) to 
produce this amino acid is an attractive process. Until today, there is no 
heterogeneous catalyst reported for this reaction. We examined the nanoRu@hectorite 
catalyst for the hydrogenation of LTP in aqueous solution with different pH, as 
summarized in Table 5.5. Both acidic and basic conditions are possible for the 
hydrogenation of LTP, but complete conversion was obtained at pH = 14 with 63% 
selectivity. However, under all these conditions, L-4,5,6,7-tetrahydrotryptophan as 
by-product was always formed, which may be explained by the poisoning effect of the 
amine group in the indole moiety to the catalyst [40, 41], which hampers the further 
hydrogenation of the pyrrole ring. 
 
Table 5.5 
Hydrogenation of L-tryptophan (LTP) over nanoRu@hectorite in water at different pH. 
 
Entry
a
 pH
b
 S/M T, °C pH2, bar t, h C
c
, % S
d
, % 
1 1 53 60 40 24 33 50 
2 1 53 80 40 24 53 50 
3 1 78 100 50 24 65 77 
4 14 78 100 50 24 > 99 63 
5 14 106 100 50 24 91 58 
a
 The catalysts nanoRu@hectorite. 
b
 pH adjusted by adding 2N NaOH (KOH), or 2N HCl (1N 
H2SO4). 
c
 Conversion of LTP. 
d
 Selectivity for L-3-(octahydroindolyl)alanine. 
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5.2.3 Catalyst recyclability 
 
The recyclability of the catalyst for four consecutive catalytic runs by separating 
the catalyst after each run and reactivating it under hydrogen pressure has been 
examined in the case of LPA (entry 3, Table 5.2). As shown in Figure 5.4, the 
recycled catalyst remains highly active and selective in the first three runs, giving 
exclusively L-cyclohexylalanine without racemization. However, in the fourth 
recycling process, the diameter of the ruthenium nanoparticles increased from 24 nm 
to 45 nm in average, resulting in hexagonal nanoparticles with a broader size 
distribution (Figure 5.5). Furthermore, partial aggregation of the ruthenium 
nanoparticles is observed, which leads to a drop in the catalytic activity, the 
conversion being decreased to 28%, the selectivity being still over 99% (Figure 5.4). 
Ruthenium leaching (2 ppm) is negligible, according to the ICP-OES analysis of the 
filtrate. The catalyst deactivation, caused by aggregation of the ruthenium 
nanoparticles, may be avoided by modifying the reactivation conditions of 
nanoRu@hectorite [10]. 
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Figure 5.4 The recyclability of the nanoRu@hectorite catalyst for four catalytic runs of LPA. The 
first recycling was conducted following the regular catalytic run with fresh catalyst under the 
conditions of 40 bar H2 at 60 °C for 18 h (as entry 4 in Table 5.1). All the recycling runs were 
performed under the same conditions as those with fresh catalyst. 
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Figure 5.5 TEM micrographs of the nanoRu@hectorite catalyst after three catalytic runs of LPA 
(a, b). (c) A SAED pattern displays a series of bright rings relevant to the ruthenium poly-
crystalline. (d) The mean particle size is 45 ± 4.6 nm. 
 
5.3 Conclusions 
 
In conclusion, the activity and selectivity of nanoRu@hectorite catalyst in the 
hydrogenation of chiral aromatic amino acids under different reaction conditions has 
been studied. NanoRu@hectorite is a highly active catalyst that can catalyze the 
hydrogenation of L-phenylalanine in aqueous solution even at room temperature. The 
pH value plays an important role in varying the activity of the catalyst. Aromatic 
amino acids are hydrogenated to give the corresponding cyclohexyl-substituted amino 
acids without racemization. Recycling experiments show nanoRu@hectorite to be a 
stable catalyst that can be recovered and reused at least three times without loss of 
activity and selectivity. 
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The aim of this thesis was to achieve a controlled synthesis of hectorite- 
supported ruthenium nanoparticles for catalytic hydrogenations and to explore their 
potential as a promising hydrogenation catalyst. Thanks to the screening of various 
ruthenium catalysts used for a variety of hydrogenation reactions, the mechanistic 
understanding of ruthenium-catalyzed hydrogenation has been also improved. 
The synthetic approach for preparing the hectorite-intercalated ruthenium nano-
particles includes the hydrolysis of benzene ruthenium dichloride dimer and the 
subsequent intercalation of benzene ruthenium(II) species into hectorite, followed by 
a reduction process. The nanoRu@hectorite thus prepared was found to be highly 
active and selective in catalyzing the hydrogenation of quinoline under mild 
conditions. As illustrated in Figure 6.1, a switchable selectivity was observed for 
exclusively yielding 1,2,3,4-tetrahydroquinoline or decahydroquinoline by using 
water or cyclohexane as reaction medium. The pathway of quinoline hydrogenation is 
presumably depending on the polarity of solvents. 
 
 
 
Figure 6.1 Graphical abstract of the hydrogenation of quinoline over nanoRu@hectorite. 
 
Another hectorite-supported ruthenium(III) precatalyst was prepared via 
impregnation of sodium-hectorite with an aqueous solution of RuCl3 ∙ xH2O. The 
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hectorite-supported ruthenium nanoparticles, in situ formed from this material during 
the hydrogenation of quinoline with sodium borohydride in water, were found to 
catalyze the reaction efficiently. A variety of quinoline derivatives and analogues were, 
under atmospheric pressure, exclusively converted into the corresponding 
N-cycle-hydrogenated products. Isotope labeling experiments combined with 
semi-empirical calculations reveal that both the sodium borohydride and water 
participate in the hydrogenation process by means of hydride transfer and proton 
transfer, respectively, as illustrated in Figure 6.2. 
 
 
 
Figure 6.2 Graphical abstract of the hydrogenation of quinoline with sodium borohydride and 
water over nanoRu′@hectorite. 
 
The catalytic properties of the hectorite-intercalated ruthenium nanoparticles can 
also be used for the hydrogenation of aromatic amino acids in aqueous media, as 
depicted in Figure 6.3. By screening of the influencing factors, the pH of the solution 
was found to be critical for the complete conversion of aromatic amino acids. The 
scope of the substrates susceptible to the nanoRu@hectorite catalyst includes 
L-phenylglycine, L-tyrosine, and L-tryptophan as well as L-phenylalanine. Under the 
catalytic reaction conditions, all these substrates are completely converted with high 
selectivity. Noticeably, during these reactions the chirality of the substrates remains 
unchanged. 
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Figure 6.3 Graphical abstract of the hydrogenation of L-phenylalane over nanoRu@hectorite. 
 
Among all the precious metals employed as catalysts, ruthenium owes its unique 
advantages to a relatively low price and to satisfactory catalytic properties. To date, a 
great number of studies on ruthenium catalysts stress on homogeneous conditions, 
although the number of heterogeneous catalysts is growing gradually. Accompanied 
by a sense of cost-effective and green chemistry, the replacement of expensive metals 
with cheaper ones has been attempted and will be sustaining. Noticeably, supported 
ruthenium catalysts have found their wide use in oxidation, olefin metathesis, nitrile 
hydration, azide-alkyne cycloaddition as well as in hydrogenation. From a perspective 
point of view, the design of highly efficient metal catalysts remains significantly 
attractive, the mechanistic understanding of the structure-performance relationship 
being critical. The ruthenium catalysts studied in this thesis, nanoRu@hectorite and 
nanoRu′@hectorite, are easily accessible in the form of Ru(II) or Ru(III)-containing 
precatalysts, which are air-stable and can be easily stored and used. It is expected that 
they may also catalyze other important hydrogenation reactions such as the 
hydrogenation of aliphatic nitro compounds and dinitro compounds, oximes, 
reductive alkylations, dehydrohalogenations, miscellaneous hydrogenolysis and more. 
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7.1 Experimental part for chapter 2 
 
General synthesis 
 
White sodium-containing hectorite powder was synthesized according to the 
method of Bergk and Woldt [1]. The sodium cation exchange capacity, determined 
under the method of Lagaly and Tributh [2], was found to be 104 mEq per 100 g. The 
dimeric complex [(C6H6)2RuCl2]2 was synthesized following the procedure reported 
by Arthur and Stephenson [3]. 
 
Preparation of the ruthenium(II)-containing catalyst precursor 
 
The neutral complex [(C6H6)RuCl2]2 (83.8 mg, 0.17 mmol) was thoroughly 
dissolved in distilled and N2-saturated water (50 ml), giving a bright yellow solution 
after vigorous stirring for 1 h. The pH of this solution was adjusted to 8 (using a glass 
electrode) by adding the appropriate amount of 0.1 M NaOH. After filtration this 
solution was added to 1 g of finely powdered and degassed (1 h high vacuum, then 
N2-saturated) sodium hectorite. The resulting suspension was stirred for 4 h at 20 °C. 
Then the yellow ruthenium(II)-containing hectorite was filtered off and dried in vacuo 
for 12 h. 
 
Preparation of the ruthenium(III)-containing catalyst precursor 
 
White sodium hectorite powder (1 g) was degassed in vacuo for 1 h and followed 
by the N2 saturation, then the calculated amount of RuCl3 · n H2O (0.40 mmol) 
dissolved in 85 ml H2O (black solution) was transferred dropwise to the hectorite 
powder. The suspension was stirred for 3 h at room temperature, then treated by 
filtration and washing with deionized H2O (black solid) until no chloride ion was 
detected. The obtained solid product was dried in vacuo at 50 °C for 12 h and then 
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ground to give a fine powder, containing 0.39 μmol/mg Ru (2 mol%) based on 
ICP-OES analysis. 
 
Preparation of the nanoRu@hectorite catalyst 
 
The nanoRu@hectorite catalyst was obtained by reacting a suspension of the 
black ruthenium(II)-containing hectorite (50 mg, 0.01592 mmol Ru) in a magnetically 
stirred stainless-steel autoclave (volume 100 ml) under a pressure of H2 (50 bar) at 
100 °C for 14 h using different solvents. After pressure release and cooling, the 
nanoRu@hectorite catalyst was isolated as a black material. 
 
Preparation of the nanoRuʹ@hectorite catalyst 
 
The nanoRuʹ@hectorite was obtained by reacting a suspension of the yellow 
ruthenium(III)-containing hectorite (50 mg) with fresh sodium borohydride (12 mmol) 
in 10 ml degassed water at 60 °C for 4 h under atmospheric pressure. After the 
reaction, the mixture was quenched and centrifuged. The obtained black solid material 
was thoroughly washed with distilled water and finally dried in vacuo at room 
temperature for 12 h. The nanoRuʹ@hectorite catalyst was therefore obtained. 
 
Characterization of the as-synthesized hectorite-supported ruthenium nanoparticles 
 
The powder X-ray diffraction (XRD) patterns of the catalysts were collected by 
XRD Application LAB in CSEM (Switzerland). The samples were measured in air at 
20 °C on a STOE STADIP high-resolution X-ray diffractometer using CuKα radiation. 
D-spacing (d) determination of the interlamellar spacing in hectorite, based on 
hectorite (001) reflection, was calculated from Bragg’s law [4]: 
n λ = 2 d sinθ 
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where n is an integer (herein n = 1), λ is the X-ray wavelength (for the CuKα, λ = 
1.5418 Å). θ is the angle between incident beam and scattering planes. Based on the 
Ru(011) reflection with the Si standard as a reference for the instrument peak 
broadening, the crystallite size L was calculated using the Scherrer equation [5]: 
L = K λ / (β cosθ) 
where λ is the X-ray wavelength (λ = 1.5418 Å), K is a constant related to crystallite 
shape, here taken as 0.94. β is the full width at half maximum (FWHM) of the peak 
profile, and θ is the Bragg angle. 
Transmission electron microscopy (TEM) was conducted in CSEM on a Philips 
CM 200 Transmission Electron Microscope (operating at 200 kV) coupled with 
Energy Dispersive X-ray spectrometry (EDS) for chemical analysis. The solid catalyst 
samples are thoroughly dispersed in ethanol and deposited on carbon film coated 
square mesh copper grids. The calculation of the nanoparticle size was obtained from 
TEM images with a number of over 100 nanoparticles by using the software ImageJ 
[6]. Inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin-
Elmer Optima 3300 DV) was employed to analyze the amount of in situ formed 
ruthenium in hectorite and ruthenium leaching in the centrifuged supernatant after the 
catalytic run. 
 
7.2 Experimental part for chapter 3 
 
The catalyst used in this chapter is nanoRu@hectorite, which were prepared 
through an organometallic approach. A variety of the solvents were tested for the 
preparation of the catalyst and for the catalytic hydrogenation. 
 
Catalytic hydrogenation of quinoline 
 
The selective hydrogenation of quinoline was carried out in a magnetically 
Chapter 7 
 
93 
 
stirred stainless-steel autoclave (100 ml). The air in the autoclave was displaced by 
purging three times with hydrogen prior to use. The quantitative chemical analysis of 
hydrogenation products was completed by GC–MS analysis. The GC separation was 
carried out on a ZB-5MS column (30 m × 0.25 mm, 0.25 μm) using a temperature 
program of 35–200 °C at 5 °C/min. The instrument used was ThermoFinnigan®Trace 
GC-Polaris Q. The data was collected by using extracted ion chromatograms of 
marker m/z values for each molecule from the total ion chromatograms (TIC). 
A freshly prepared suspension of nanoRu@hectorite and the desired amount of 
quinoline was used. Then the autoclave was pressurized with hydrogen (20–60 bar) 
and then heated to 100 °C. After the reaction, the pressure was released, the solution 
was filtered (0.22 μm, PTFE) and analyzed in order to determine the substrate 
conversion and selectivity (in %). The catalytic reaction was followed by gas 
chromatography coupled to a mass detector. The products were separated on an apolar 
column and identified by their retention time and their mass spectrum using the 
electron impact (EI) ionization method. 
 
Catalyst recycling and recovery 
 
After the catalytic run, the nanoRu@hectorite catalyst was separated by 
decantation of the centrifuged reaction mixture. Then the catalyst was washed with 
diethyl ether and cyclohexane, and then reactivated in the autoclave under H2 pressure 
(50 bar) at 100 °C for14 h in the reaction medium used for the next catalytic run. 
After pressure release and cooling, a new batch of quinoline was added for the next 
catalytic run. 
 
7.3 Experimental part for chapter 4 
 
The catalyst involved in this chapter is nanoRuʹ@hectorite. However, the 
ruthenium(III)-containing hectorite precatalyst was used into the hydrogenation 
Chapter 7 
 
94 
 
without any reduction. The nanoRuʹ@hectorite was in situ formed in the presence of 
sodium borohydride during the hydrogenation process, which is considered to be the 
real catalyst. 
 
Catalytic hydrogenation N-cycle of quinolines 
 
Deionized water was made from tap water by ionic exchange resins and degassed 
before use. All the N-cyclic chemicals were purchased from commercially available 
sources and used as received. NaBH4 and NaBD4 (D, 98 atom %) were purchased 
from Aldrich, and D2O (D, 99.9%) from Cambridge Isotope Laboratories. 
The precatalyst (50 mg), NaBH4 (or NaBD4) (3–12 mmol), 1 mmol of the 
N-cyclic substrate and 5 ml deionized and degassed water (or D2O) were placed in a 
25 ml three-necked flask equipped with a reflux condenser and a pressure release 
valve to discharge the hydrogen gas self-generated during the reactions. The operation 
was carried out under inert atmosphere. The reaction mixture was vigorously stirred at 
different temperatures (25–60 °C) for the time selected. The complete conversion of 
substrate was determined by submitting small samples to spot thin layer 
chromatography (TLC). After completion, the slurry was centrifuged to separate the 
catalyst. The solid phase obtained was washed with deionized H2O and then several 
times with ethyl acetate to remove all organic residues. The filtrate was collected, 
extracted with ethyl acetate and the extract dried over anhydrous MgSO4. After 
removal of the solvent in vacuo, the corresponding product was obtained. In some 
cases, a silica-gel column chromatography was used to purify the product (isolated 
yield). The product analysis and identification was conducted by comparing the NMR 
spectral data with those of the published pure substances (all analyzed by 
1
H NMR 
and 
13
C NMR on Bruker Avance II 400 MHz spectrometer). 
Alternatively, the reaction was performed in a magnetically stirred stainless-steel 
autoclave (100 ml) in cases where the reaction failed to be complete under 
atmospheric pressure. The loading procedure was the same as that in a flask. After 
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purging three times with nitrogen, the autoclave was quickly fixed in the preheated oil 
bath. Once the reaction was complete, the autoclave was quenched in cold water, the 
pressure was released, and the product was isolated as described above. 
Isotope labeling experiments were done for the hydrogenation of quinoline with 
NaBH4/D2O and with NaBD4/H2O (and for comparison with NaBH4/H2O and with 
NaBD4/D2O), under the same conditions as those of entry 7 in Table 1 (see below). 
All NMR spectra were recorded with a narrow-bore Bruker 400 spectrometer (9.4 T) 
operating at ω0/2π = 400.0 and 100.6 MHz for 
1
H and 
13
C, respectively, and equipped 
with an AVANCE-II console and a 5 mm double resonance probe. The rf-field 
strengths of all hard π/2 and π pulses were ω1/2π = 26 kHz and 27 kHz, for 
1
H and 
13
C 
channels, respectively. Quantitative proton spectra were acquired with a recycling 
delay d1 = 5 × T1, with longitudinal relaxation time constraints T1 of the as measured 
with inversion-recovery experiments. Semi-empirical calculations were performed 
with the PM7 method as implemented in MOPAC2012 [7]. The optimized geometries 
were used for calculations of the electrostatic potentials by means of the keyword 
ESP. 
 
Catalyst recycling and recovery 
 
The recyclability of the nanoRuʹ@hectorite catalyst was examined for the 
hydrogenation of quinoline under atmospheric pressure in a flask. After a catalytic run, 
the catalyst was recovered by centrifugation and purified by washing with deionized 
H2O and ethyl acetate and dried in vacuo at room temperature for 12 h. Then the 
recycled catalyst was used for the next catalytic run without any reactivation. 
 
7.4 Experimental part for chapter 5 
 
The catalyst used in this chapter is nanoRu@hectorite, which was prepared 
through an organometallic approach. 
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Catalytic hydrogenation of chiral aromatic amino acids 
 
The selective hydrogenation of the optically active phenyl amino acid was 
carried out in a magnetically stirred stainless-steel autoclave (100 ml). Prior to the 
loading of the catalyst, the autoclave was purged three times with hydrogen to expel 
the air. Typically, a freshly prepared suspension of nanoRu@hectorite (0.01592 mmol 
Ru, 10 ml H2O) and the appropriate amount of the substrate were carefully transferred 
into the autoclave under inert atmosphere, and then the autoclave was charged with H2 
to the desired pressure. The autoclave was placed into the pre-heated heating mantle 
and the magnetic stirring was started for the indicated reaction time. After the reaction, 
the autoclave was cooled down and the pressure was released. The reactor was 
thoroughly rinsed with 2N NaOH solution to wash out the entire product (in the case 
of acidic system, 2N HCl was used). All the collected solutions were filtered (0.22 μm, 
PTFE) to remove the catalyst and then treated with diluted HCl (or NaOH) solution to 
adjust the pH to 5.5, which caused the partial precipitation of the product. The 
suspension was then reduced in vacuo to 10 ml in order to complete the precipitation. 
The precipitate was filtered off, washed with distilled water and dried in vacuo at 
room temperature for 12 h. 
The white product was analyzed through 
1
H and 
13
C NMR in methanol-d4 or 
D2O using a Bruker Avance II 400 MHz spectrometer using tetramethylsilane (TMS) 
as internal standard. IR spectra were recorded with a PerkinElmer FT-IR 1720 X 
spectrometer. Optical rotation was measured by a SCHMIDT HAENSCH Polartronic 
H532 polarimeter. The optical purity of the product was further examined by 
HPLC-UV technique (Ultimate 3000RS Dionex system with Acquity UPLC® BEH 
HILIC column). Electrospray ionization mass spectra (ESI-MS) were obtained in 
negative ion mode on a Bruker FTMS 4.7T BioAPEX II mass spectrometer. 
Inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin-Elmer 
Optima 3300 DV) was used to analysis the ruthenium leaching after the catalytic run. 
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Catalyst recycling and recovery 
 
After a catalytic run, the nanoRu@hectorite catalyst was separated by 
decantation from the centrifuged reaction mixture. The supernatant was analyzed by 
ICP-OES to detect the Ru leaching. The catalyst was washed with 2N NaOH (in the 
case of acidic system, 2N HCl was used) solution and then with degassed water to 
extract traces of the catalytic product. After drying in vacuo for 12 h, the recycled 
catalyst was dispersed in the reaction medium under ultrasonic conditions and 
reactivated in the autoclave under a H2 pressure of 50 bar at 100°C for 14 h. After 
pressure release and cooling, the amino acid substrate, the amount of which was 
calculated from the weight of the corresponding recycled catalyst, was added for the 
next catalytic run. 
 
7.5 Spectroscopic analysis 
 
1,2,3,4-Tetrahydroquinoline: oil, 
1
H NMR (400 MHz, CDCl3): δ = 6.45–7.01 (m, 4H, 
CH), 3.83 (s, 1H, NH), 3.31 (t, 2H, CH2), 2.79 (t, 2H, CH2), 1.96 (q, 2H, CH2); 
13
C 
NMR (400 MHz, CDCl3): δ = 142.60, 128.26, 125.32 120.01, 115.23, 112.89, 40.54, 
25.75, 20.48. 
 
6-Methyl-1,2,3,4-tetrahydroquinoline: oil, 
1
H NMR (400 MHz, CDCl3): δ = 7.01 (b, 
1H, CH), 6.78 (s, 1H, CH), 6.43 (s, 1H, CH), 3.28 (t, 2H, CH2), 2.74 (t, 2H, CH2), 
2.21 (s, 3H, CH3), 1.93 (q, 2H, CH2); 
13
C NMR (400 MHz, CDCl3): δ = 141.53, 
130.01, 128.5, 127.93, 121.5, 42.15, 26.69, 22.15, 20.36. 
 
8-Methyl-1,2,3,4-tetrahydroquinoline: solid, 
1
H NMR (400 MHz, CDCl3): δ = 
6.63–6.95 (m, 3H, CH), 3.66 (s, 1H, NH), 3.43 (t, 2H, CH2), 2.85 (t, 2H, CH2), 2.14 (s, 
3H, CH3), 2.01 (q, 2H, CH2); 
13
C NMR (400 MHz, CDCl3): δ = 142.73, 127.86, 
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127.39, 121.17, 120.85, 116.39, 42.36, 27.33, 22.19, 17.18. 
 
2,6-Dimethyl-1,2,3,4-tetrahydroquinoline: solid, 
1
H NMR (400 MHz, CDCl3): δ = 
6.43–6.83 (m, 3H, CH), 3.60 (s, 1H, NH), 3.39 (m, 1H, CH), 2.75–2.86 (t, 2H, CH2), 
2.25 (s, 3H, CH3), 1.59–1.93 (q, 2H, CH2), 1.23 (s, 3H, CH3); 
13
C NMR (400 MHz, 
CDCl3): δ = 142.45, 129.80, 127.21, 126.16, 121.16, 114.24, 47.3, 31.37, 26.58, 22.71, 
22.58. 
 
8-Hydroxy-1,2,3,4-tetrahydroquinoline: solid, 
1
H NMR (400 MHz, CDCl3): δ = 
6.49–6.60 (m, 3H, CH), 3.69 (s, 1H, NH), 3.24 (t, 2H, CH2), 2.76 (t, 2H, CH2), 1.91 
(q, 2H, CH2); 
13
C NMR (400 MHz, CDCl3): δ = 142.12, 135.20, 121.95, 120.01, 
117.21, 113.05, 42.11, 27.21, 22.21. 
 
1,2,3,4-Tetrahydroisoquinoline: oil, 
1
H NMR (400 MHz, CDCl3): δ = 7.01–7.14 (m, 
4H, CH), 4.02 (s, 2H, CH2), 3.15 (t, 2H, CH2), 2.81 (t, 2H, CH2); 
13
C NMR (400 MHz, 
CDCl3): δ = 136.21, 134.75, 129.32, 126.01, 125.75, 125.47, 48.11, 43.75, 29.05. 
 
1,2,3,4-Tetrahydroquinoxaline: oil, 
1
H NMR (400 MHz, CDCl3): δ = 6.51–6.57 (m, 
4H, CH), 3.43 (s, 4H, CH2); 
13
C NMR (400 MHz, CDCl3): δ = 137.79, 122.41, 118.93, 
40.95. 
 
2-Methyl-1,2,3,4-tetrahydroquinoxaline: solid, 
1
H NMR (400 MHz, CDCl3): δ = 
6.50–6.61 (m, 4H, CH), 3.52 (s, 2H, NH), 3.31–3.51 (t, 2H, CH2), 3.02–3.07 (m, 1H, 
CH); 
13
C NMR (400 MHz, CDCl3): δ = 133.52, 133.14, 118.66, 118.65, 114.45, 
114.40, 48.22, 45.69, 19.84. 
 
5-Chloro-8-hydroxy-1,2,3,4-tetrahydroquinoline: solid, 
1
H NMR (400 MHz, CDCl3): 
δ = 6.52 (s, 2H, CH), 3.27 (t, 2H, CH2), 2.75 (t, 2H, CH2), 1.95 (q, 2H, CH2); 
13
C 
NMR (400 MHz, CDCl3): δ = 142.88, 142.08, 127.2, 124.6, 122.5, 112.68, 41.04, 
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24.53, 21.43. 
 
2-Phenyl-5,6,7,8-tetrahydroquinoline: solid, 
1
H NMR (400 MHz, CDCl3): δ = 
7.99–8.00 (s, 2H, CH), 7.40–7.50 (m, 5H, CH), 3.05 (t, 2H, CH2), 2.81 (t, 2H, CH2), 
1.86–1.96 (q, 4H, CH2); 
13
C NMR (400 MHz, CDCl3): δ = 156.43, 150.65, 136.34, 
134.78, 128.01, 128.00, 127.4, 127.3, 127.0, 118.98, 32.01, 27.21, 22.69, 22.68. 
 
L-cyclohexylalanine: white solid, 
1
H NMR (400 MHz, CD3OD): δ = 3.55–3.58 (m, 
1H, CH), 0.92–1.84 (m, 13H, C6H11, CH2); 
13
C NMR (400 MHz, CD3OD): δ = 173.65, 
52.50, 38.89, 33.58, 33.29, 32.02, 26.02, 25.79, 25.59; ESI-MS (methanol): m/z = 
170.1 ([M–H]-); [α]25D = +14.60°, c = 2, TFA (the reported results: [α] = +14.06°, c = 
2, TFA, see the reference [8]). 
 
L-cyclohexylglycine: white solid, 
1
H NMR (400 MHz, D2O): δ = 4.59–4.60 (m, 1H, 
CH), 1.07–1.96 (m, 11H, C6H11); 
13
C NMR (400 MHz, D2O): δ = 174.17, 59.91, 
38.74, 28.76, 27.34, 25.58, 25.53; ESI-MS (H2O + methanol): m/z = 140.6 ([M–OH]
-
); 
[α]20D = +31°, c=1, 1 N HCl (the reported results: [α]
20
D = +31°, c=1, 1 N HCl, see the 
reference [9]). 
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Energy Dispersive X-ray Spectrometry (EDS) analysis of nanoRu′@hectorite 
 
 
 
 
 
 
 
Figure 7.1 EDS analysis of the samples of (a) the nanoRuꞌ@hectorite from the direct reduction of 
the precatalyst under atmospheric pressure at 60 °C for 4 h in water without organic agent, (b) the 
in situ generated nanoRuꞌ@hectorite catalyst after a fresh run for the catalytic hydrogenation of 
quinoline under atmospheric pressure at 60 °C for 4 h in water and (c) the nanoRuꞌ@hectorite 
catalyst after the first recycling run for the hydrogenation of quinoline under atmospheric pressure 
at 60 °C for 4 h in water. 
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Energy Dispersive X-ray Spectrometry (EDS) analysis of nanoRu@hectorite 
 
 
Figure 7.2 EDS analysis of the freshly prepared nanoRu@hectorite catalyst 
 
 
Figure 7.3 EDS analysis of the recycled nanoRu@hectorite catalyst after three times catalytic 
hydrogenation run of L-phenylalanine in water. 
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The design of nanocomposites consisting of functional metals and proper matrices is a very active 
field of research for the development of recyclable catalysts. Highly active metallic nanoparticles 
must be stabilized by a suitable support in order to prevent aggregation to bulk metal. Hectorite, a 
representative smectite clay featured by its unique swelling properties and flexible intercalation 
capacity, provides an ideal platform for immobilizing metal nanoparticles. 
 
In the catalytic hydrogenation of quinoline, hectorite-intercalated ruthenium nanoparticles show 
excellent reactivity and selectivity to the specific product. By using water or cyclohexane as reaction 
medium under a certain pressure of H2, 1,2,3,4-tetrahydroquinoline and decahydroquinoline were 
exclusively obtained, respectively. Furthermore, by using sodium borohydride as reducing agent, 
the catalytic hydrogenation of quinoline proceeds in water under atmospheric pressure with the 
conversion and selectivity superior to 99%. Isotope labeling experiments combined with 
semi-empirical calculations reveal that both the sodium borohydride and water participate in the 
hydrogenation process by means of hydride transfer and proton transfer, respectively. 
 
Furthermore, hectorite-intercalated ruthenium nanoparticles can also be used for the 
hydrogenation of aromatic amino acids in aqueous media. By screening of the influencing factors, 
the pH of the solution was found to be critical for the complete conversion of aromatic amino acids. 
Critically, during the hydrogenation process, the chirality of the substrates remains unchanged. 
